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Abstract
The origin of the late Paleozoic New England oroclines in eastern Australia is an 
open question that is here investigated using structural geology, geochronology and 
paleomagnetism. The study is focussed on Permian sedimentary and volcanic rocks, 
which provide new constraints on the timing, kinematics, paleogeography and tectonic 
setting during the formation of the New England oroclines. Ultimately, the results 
provide insights into the geodynamic mechanisms associated with oroclinal bending.
Paleomagnetic investigation of Early-Middle Permian (~272 Ma) volcanic rocks was 
conducted in order to constrain the timing of oroclinal bending and to determine 
the relative role that Early Permian extension and Middle Permian (Hunter-Bowen) 
contraction played during oroclinal bending. The targeted volcanic formation is found 
in a structural basin that is situated in the southernmost part of the oroclinal structure 
(Myall Block), close to the hinge of the Manning Orocline. A positive paleomagnetic fold 
test, in conjunction with indications for low-grade prehnite-pumpellyite metamorphism 
(T<300°C), suggest that the magnetisation of these rocks is primary. The measured 
magnetisation was calculated to yield a ~272 Ma paleopole for the Myall Block, which 
is found to be consistent with coeval data from cratonic Gondwana. This indicates that 
the Myall Block was not subjected to major rotations relative to Gondwana after 272 
Ma, meaning that the orocline must have formed prior to the initiation of Middle Permian 
contractional deformation. Rather oroclinal bending was likely contemporaneous with 
the wholesale extension that affected eastern Australia during the Early Permian.
Structural mapping in an Early Permian succession (Nambucca Block) shows that 
rocks were subjected to four phases of deformation. Previously published and recently 
obtained time constraints for the second generation of structural fabrics (S2), associate 
the first generation (S1) and possibly the second one (S2) with the formation of the New 
England oroclines and therefore provide kinematic constraints for the New England 
oroclines. The first stage (<300 Ma) was intimately linked to backarc extension, which 
was likely triggered by variations in the rates of trench rollback. This was followed 
by a second stage of oroclinal bending, which involved ~N-S contraction (F1) and by 
subsequent deformation at 275–265 Ma, which involved formation of nappe-style 
structures (F2) and tightening of the fully developed orogenic curvatures. The formation 
of these F2 nappe-style structures possibly mark the onset of the Hunter-Bowen 
contractional event.
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In order to constrain the timing of deposition in the Nambucca Block, and to unravel the 
provenance and tectonic setting of the sedimentary basin, 452 concordant U-Pb ages 
were obtained, coupled with a morphological analyses of detrital zircons. The youngest 
populations of zircon ages are 299 Ma (n=22) and 285 Ma (n=7), and a large fraction 
of pre-Devonian morphologically matured zircons indicates that detritus were sourced 
from cratonic Gondwana. The results suggest a backarc setting during deposition, 
associated with a bimodal input of detritus, which received sediments from both the 
continent and the arc.
A similar investigation was conducted on detrital zircons from an adjacent sedimentary 
succession (Dyamberin Block). The results of 754 concordant ages and corresponding 
morphological analyses of detrital zircons were used to assess the relationship of the 
Dyamberin Block with the Nambucca Block and other Early Permian successions in 
the New England oroclinal structure. Average values of abrasion were used as a proxy 
for distance of transportation, thus highlighting possible sources of detritus, and a 
comparison of data from different samples was done by separately plotting cumulative 
proportion curves for periods that correspond to plausible source regions. It is shown 
that the usage of this innovative data handling approach, when complemented by a 
statistical analysis of zircon morphologies, provides insights into the paleogeography 
of sedimentary basins. The results show that in eastern Australia during the Early 
Permian, a regional fluvial system transported detritus from continental Gondwana 
across the landscape of the simultaneously developing Sydney-Gunnedah-Bowen 
Basin System and the former (Devonian-Carboniferous) magmatic arc. In addition, 
a local transportation system mobilised detritus within the New England Orogen. The 
source of Early Permian zircons was likely associated with an oceanward positioned 
magmatic arc. These results support the idea that the New England Orogen was 
positioned in the backarc region during the Early Permian, thus receiving sediments 
from both the continent and an oceanward positioned Permian magmatic arc.
The evidence for the development of Early Permian backarc basins contemporaneously 
with oroclinal bending, and the fact that rocks that originally formed in a forearc setting 
(during the Carboniferous) were subsequently moved to a backarc position (in the Early 
Permian), suggest that subduction rollback was the primary mechanism responsible for 
the formation of the New England oroclines. The demonstrated link between oroclinal 
bending, backarc extension and subduction rollback, may have operated similarly to 
form other orogenic structures in ancient and modern orogens throughout the world.
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Introduction
1.1. OROGENIC CURVATURES
Orogenic curvatures (oroclines) have been recognised in modern and ancient 
orogens (e.g., Eldredge et al., 1985; Marshak, 1988; Van Der Voo, 2004; Xiao et al., 
2010; Rosenbaum, 2014), but their geodynamic driving forces and their role in the 
development of orogens remain uncertain. The original term was coined by Carey 
(1955), who defined an orocline as “deformation (i.e., bending) of orogenic belt as 
a whole”. There are a number of major mechanisms that could generate orogenic 
curvatures, and while the formation of some oroclines involves deformation in thin-
skinned fold-thrust belts (Marshak, 1988, 2004), others involve bending of the entire 
crust and lithosphere (thick-skinned oroclines). Existing models for the tectonic 
processes that control the formation of thick-skinned oroclines are contentious, and 
are based on two main hypotheses. Some researchers link the formation of oroclines 
to buckling of the whole lithosphere in response to orogen-parallel compression (e.g., 
Gutiérrez-Alonso et al., 2012; Johnston et al., 2013; Weil et al., 2013), while others 
consider that oroclines form in response to orogen-perpendicular forces imposed by 
variations in the rates of plate boundary migration (such as indentation and differential 
subduction rollback; e.g., Schellart and Lister, 2004; Moresi et al., 2014; Rosenbaum, 2014).
In many orogenic systems, temporal relationships between intermitted periods of 
extension, contraction, block rotation, and oroclinal bending are not fully established 
and the geodynamic driving forces of oroclinal bending are therefore obscured. This 
work focuses on a set of late Paleozoic oroclines in the New England Orogen in eastern 
Australia (hereinafter refer to as the New England oroclines).
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1.2. NEW ENGLAND OROCLINES
The eastern third of the Australian continent consists of five orogenic belts (hereinafter 
the Tasmanides; Fig. 1.1a) that developed from the early Paleozoic to early Mesozoic 
along the convergent boundary of southeastern Gondwana and the paleo-Pacific plates 
(Glen, 2005). Rocks of the Tasmanides record intermitted episodes of extension and 
contraction that are interpreted to reflect advances and retreats of the subduction plate 
boundary (Collins, 2002a; 2002b). The youngest and easternmost orogenic belt in the 
Tasmanides is the New England Orogen (Fig. 1.1a; Glen, 2005). The New England 
Orogen predominantly composed of Devonian-Carboniferous subduction related rocks 
(i.e., volcanic arc, forearc basin and accretionary complex; Leitch, 1974, 1975) and 
Permian-Triassic magmatic rocks (Shaw and Flood, 1981; Rosenbaum et al., 2012). 
The New England Orogen have northern and southern exposed segments, which 
are separated by Mesozoic sedimentary cover (Clarence-Moreton Basin; Fig. 1.1c). 
While the structural grain of the northern New England Orogen is generally parallel to the 
continental margin, the structural grain of the southern segment is tightly curved forming an 
‘omega shaped’ orogenic structure that defines the New England oroclines (Fig. 1.1a-c).
The New England oroclines can be recognised by several independent markers. The 
trends of beddings and structural fabric in the Devonian-Carboniferous accretionary 
complex (Lennox and Flood, 1997; Korsch, 1981; Li et al., 2012a; Li and Rosenbaum, 
2014) and the overall distribution of the Devonian-Carboniferous forearc basin rocks 
(Korsch and Harrington, 1987; Glen and Roberts, 2012; Rosenbaum, 2012; Hoy et 
al., 2014) suggest a curved structure (Fig. 1.1c). The Peel-Manning Fault System and 
associated Paleozoic serpentinite and high-pressure rocks outline a curved boundary 
between the forearc basin rocks and accretionary complex (Fig. 1.1b, and c; Korsch 
and Harrington, 1987; Aitchison et al., 1994). The extent of the orogenic curvatures over 
an entire supra-subduction zone suggests that the New England oroclinal structure is 
thick-skinned. The prominent magnetic signature of the serpentinite belt highlights the 
continuous trend of the structure in aeromagnetic maps even where the serpentines 
are concealed beneath younger sedimentary cover (e.g., in the Texas area; Fig. 1.1b, 
and c). The oroclinal structure has also been inferred from the pattern of magnetic 
fabrics of anisotropy of magnetic susceptibility (AMS; Aubourg et al., 2004; Mochales 
et al., 2014). Lastly, the curved trend of deformed Early Permian (298–288 Ma) S-type 
granitoids (Shaw and Flood, 1981; Cawood et al., 2011a; Rosenbaum et al., 2012), 
which appear to mimic the shape of the oroclinal structure (Fig. 1.1c), is an additional 
independent marker that also provides a maximum time constraint for the formation 
of the New England oroclines (Rosenbaum et al., 2012). In contrast, Late Permian to 
Triassic magmatic rocks of the New England Batholith (260–230 Ma, Shaw and Flood, 
1981) crosscut the oroclinal structure (Fig. 1.1c), hence providing a minimum constraint 
for the timing of oroclinal bending (Cawood et al., 2011a; Rosenbaum et al., 2012). 
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Geoscience Australia) highlighting the oroclines and the Peel-Manning Fault System. (c) Geological map 
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Early to Middle Permian sedimentary successions appear throughout the New England 
Orogen, both bounding it from its continental side as an elongated belt of basins (i.e., 
Sydney-Gunnedah-Bowen Basin System; Fig. 1.1a; Day et al., 1978; Fielding et al., 
2001; Korsch et al., 2009b), as well as within the oroclinal structure (Fig. 1.1c; Leitch, 
1988). The latter are the focus of this thesis, which presents structural, geochronological 
and paleomagnetic results from these sedimentary and volcanic successions. The 
deposition of these rocks has supposedly occurred contemporaneously with oroclinal 
bending, and thus their origin and early deformation phases provide insights into the 
geodynamic processes that were responsible for the development of the oroclines.
1.3. WORKING HYPOTHESES
The working hypotheses of this thesis are (1) that the New England oroclines are 
thick-skinned structures; and (2) that the occurrences of Early Permian sedimentary 
successions within the oroclinal structure, and some of the deformation features within 
them, are genetically linked to stages in the formation of the New England oroclines. 
An additional working hypothesis is that the tectonic processes that controlled the 
formation of the New England oroclines were driven by subduction of the paleo-Pacific 
plate under Gondwana.
1.4. THESIS LAYOUT
This thesis is written as a ‘thesis by publication’, and as such, each of its main chapters 
is an independent research paper. The stand-alone character of published chapters 
highlights the direct contribution of each project, but results in substantial repetitions 
in the background information (both in the text and in some of the figures). The thesis 
consists of six chapters, including an introduction (Chapter 1), four research papers 
(Chapters 2–5), and a concluding discussion (Chapter 6). 
The second chapter presents results from a structural and paleomagnetic investigation 
of volcanic rocks from the base of a Middle Permian succession from the southernmost 
part of the oroclinal structure (The Myall Block; Fig. 1.1c). A positive paleomagnetic 
fold test yielded a paleopole that constrains the time of oroclinal bending, and links the 
formation of the New England oroclines with Early Permian extensional tectonic setting.
The third and fourth chapters of the thesis are focused on the Nambucca Block, which 
is the largest and most central exposed Early Permian succession within the New 
England oroclinal structure (Fig. 1.1c). The third chapter presents results from structural 
mapping of coastal outcrops and a regional correlation between deformation features. 
5Chapter 1
The deformation history provides kinematic constraints that enabled the construction 
of a preliminary model for oroclinal bending in the New England Orogen. The fourth 
chapter presents results of U-Pb geochronology, and morphologic investigation of 
detrital zircons from samples from the Nambucca Block. The results provide a robust 
maximum age constraint for deposition and an insight into the provenance and 
geological setting of the clastic succession. These data are used to test and validate 
the model proposed in the third chapter, and in light of the provenance of the Nambucca 
Block, discuss the tectonic setting in which the New England oroclines were formed.
The fifth chapter presents data of detrital zircons from the Dyamberin Block, which is 
another exposure of Early Permian sedimentary rocks within the New England Oroclinal 
structure (Fig. 1.1c). Using similar geochronological and morphological methods to the 
ones used for the Nambucca Block, the new data are used to correlate between the 
two successions. This chapter also presents an innovative approach for the handling 
of geochronological and morphological datasets, which is shown to provide important 
insights into the Early Permian paleogeography of the region.
The sixth chapter summarises the tectonic processes associated with oroclinal bending 
in the New England Orogen in light of the new data. 
The work presented in this thesis, and the discussion in Chapter 6, are supported 
and complemented by four additional publications, which were first-authored by 
collaborators in the course of this work. The first paper (Appendix 1) presents 
stratigraphic and provenance results from the Carboniferous Emu Creek Block, and a 
discussion on its correlation with the forearc rocks of the Tamworth Belt on the opposite 
limb of the Texas Orocline (see Fig. 1.1c). The second paper (Appendix 2) is a follow up 
paleomagnetic test of the rotations involved in the formation of the Texas Orocline. The 
remaining two papers (Appendices 3 and 4) investigate the Early Permian successions 
of the Manning Basin and in the vicinity of the Texas Orocline, respectively (Fig. 1.1c). 
Detailed analytical data associated with the thesis chapters and appendices 1–4 are 
presented in Digital Appendices 1–7.
Chapter 2
This chapter is accepted (in press) for publication in Tectonophysics as:
Paleomagnetic data from the New England Orogen (eastern 
Australia) and implications for oroclinal bending
Shaanan, U., Rosenbaum, G., Pisarevsky, S., and Speranza, F.
2.1. ABSTRACT
Orogenic curvatures (oroclines) are common in modern and ancient orogens, but the 
geodynamic driving forces of many oroclines remain controversial. Here we focus on the 
New England oroclines of eastern Australia, the formation of which had been previously 
broadly constrained to the Early-Middle Permian. This time interval encompasses 
periods of both backarc extension (at ~300–280 Ma) and subsequent contractional 
deformation (Hunter-Bowen Orogeny) that commenced at ~270 Ma along the paleo-
Pacific and Gondwanan subduction plate boundary. We present new paleomagnetic 
data from volcanic rocks that were extruded during the transition from extension to 
contraction (at ~272 Ma), and we show that the oroclinal structure must have formed 
prior to the emplacement of the volcanic rocks. Our results thus indicate that oroclinal 
bending in the southernmost New England Orogen has been completed prior to the 
onset of Middle Permian contractional deformation. It is therefore concluded that the 
oroclines have likely formed during backarc extension, and that a major contribution to 
the orogenic curvature was driven by trench retreat.
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2.2. INTRODUCTION
Two competing hypotheses are commonly invoked to explain the origin of oroclines. 
Some researchers link the formation of thick-skinned oroclines to orogen-parallel 
compression (Fig. 2.1a) and buckling of the whole lithosphere (e.g., Gutiérrez-Alonso 
et al., 2004; Johnston et al., 2013; Weil et al., 2013). Other models assume that 
oroclinal bending is primarily controlled by orogen-perpendicular forces (Fig. 2.1b) 
imposed by processes such as indentation and subduction rollback (e.g., Moresi et 
al., 2014; Rosenbaum, 2014). In many of the latter models, orocline formation has 
occurred contemporaneously with backarc extension in response to trench retreat (e.g., 
Royden, 1993; Lonergan and White, 1997; Maffione et al., 2013). In these types of 
oroclines, which are common, for example, in the Mediterranean region (Rosenbaum, 
2014), oroclinal bending does not seem to be associated with orogen-parallel buckling. 
However, in many other orogenic systems, temporal relationships between intermitted 
periods of extension, contraction, block translation, and oroclinal bending are not well 
constrained. In this paper, we establish these relationships for a set of late Paleozoic 
oroclines in the southern New England Orogen, eastern Australia (Fig. 2.2), and use 
our findings to demonstrate intimate links between oroclinal bending and backarc 
extension.
Figure 2.1. Simplified 3D illustration of two 
alternative hypotheses for oroclinal bending (not 
to scale). (a) Oroclinal bending that is controlled 
by lithospheric buckling associated with orogen-
parallel contraction (after Gutiérrez-Alonso et al., 
2004). (b) Oroclinal bending that is controlled by a 
retreating subduction zone.
Constraints on the timing of oroclinal 
bending in the New England Orogen 
indicate that the oroclines formed during 
the Early to Middle Permian (~300–260 
Ma, e.g., Rosenbaum et al., 2012). This 
time interval overlaps with both a major 
phase of extensional tectonism that 
occurred in eastern Australia at ~300–
280 Ma (Fig. 2.3; Korsch et al., 2009b), 
as well as with the initiation of subsequent 
contractional deformation that affected 
the region between ~270 to 230 Ma 
(Hunter-Bowen Orogeny; Fig. 2.3; Collins, 
1991; Holcombe et al., 1997b). Previous 
constraints on the timing of oroclinal 
bending were therefore insufficient for 
determining whether the New England 
oroclines formed during the early phase 
of extension or in the course of the 
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subsequent phase of contraction, thus impeding our ability to understand the dynamics 
of oroclinal bending. To resolve this problem, we conducted a paleomagnetic study on 
volcanic rocks (Alum Mountain Volcanics; Fig. 2.4) that were emplaced at ~272 Ma 
(Roberts et al., 1996; Li et al., 2014), i.e., at the transitional period between extension 
to contraction. A comparison of our results with contemporary paleomagnetic data 
from Gondwana provides a robust constraint on the timing of oroclinal bending and an 
insight into the geodynamics of orocline formation in eastern Australia.
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Figure 2.2. Simplified maps of the study area. (a) 
Major tectonic components of eastern Australia. 
(b) Geological map of the southern New England 
Orogen.
2.3. GEOLOGICAL SETTING
The New England Orogen is the youngest 
and easternmost orogen in Australia 
(Fig. 2.2a; Glen, 2005). It is mainly 
composed of Devonian-Carboniferous 
supra-subduction rocks associated with 
a west-dipping (present day orientation) 
subduction zone (Leitch, 1974), which 
were intruded by Permian-Triassic 
magmatic rocks (Shaw and Flood, 1981). 
In the southern New England Orogen, 
the Devonian-Carboniferous rocks are 
predominantly associated with a forearc 
region, and include forearc basin strata 
(Tamworth Belt and correlative blocks) 
and accretionary complex units (Fig. 2.2b; 
Leitch, 1974). The Early Permian rocks in 
the southern New England Orogen are 
dominated by S-type granitoids and clastic 
sedimentary successions, which were 
likely deposited in a backarc extensional 
setting (Holcombe et al., 1997b; Korsch 
et al., 2009b; Shaanan et al., 2015). 
Collectively, a number of geological 
observations suggest that from ~300 Ma 
to ~280 Ma, the New England Orogen 
was positioned in an extensional backarc 
setting (Fig. 2.3a, c, and corresponding 
references). Firstly, during this period 
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widespread sedimentary basins 
were developed, most notably in the 
Sydney-Gunnedah-Bowen Basin 
System (Fig. 2.2), with evidence that 
basin formation was accompanied 
by extensional faulting (Korsch 
et al., 2009b). Basin formation 
involved bimodal volcanism, 
including the possible emplacement 
of a 4.5–9 km succession of 
mafic rift-related volcanic rocks 
(Meandarra Gravity Ridge; Fig. 
2.3a) beneath the Permian strata 
(Krassay et al., 2009). Secondly, 
evidence for crustal melting and 
the emplacement of 298–288 Ma 
S-type granitoids (Jeon et al., 2012; 
Rosenbaum et al., 2012), as well 
as coeval local high-temperature 
metamorphism (Craven et al., 2012), 
indicates that the heat flow during 
this period was relatively high. This 
is a characteristic feature of backarc 
regions (Currie and Hyndman, 
2006). The transition from a forearc 
region during the Carboniferous to 
a backarc environment in the Early 
Permian was attributed to the onset 
of eastward trench retreat (Jenkins 
et al., 2002; Shaanan et al., 2015).
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Figure 2.3. Maps and Time-Space 
diagram highlighting late Paleozoic to early 
Mesozoic extensional and contractional 
deformational events in eastern Australia. 
(a) Geological features associated with 
pre ~272 Ma regional extension, (b) 
subsequent Hunter-Bowen contractional 
deformation, and (c) Time-Space diagram. 
Abbreviations: Gl – Gloucester syncline, 
Dy – Dyamberin Block, Na – Nambucca 
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Block, Ma – Manning Basin, D’A – D’Aguilar metamorphic complex, Wo – Wongwibinda metamorphic 
complex, Ti – Tia metamorphic complex. Data sources: (1) Carboniferous subduction complex in the 
New England (Leitch, 1974; Murray et al., 1987; Glen, 2005). (2) Deposition and distribution of the 
Sydney-Gunnedah-Bowen Basin System (Powell et al., 1990; Veevers et al., 1994; Korsch et al., 
2009b). (3) Exhumation and cooling of metamorphic complexes in the northern New England Orogen 
(Little et al., 1992; Holcombe and Little, 1994; Little et al., 1995). (4) S-type plutons in North D’Aguilar 
Block (310–306 Ma; Little et al., 1995). (5) Meandarra gravity ridge (Korsch et al., 2009b; Krassay et 
al., 2009). (6) Peak metamorphism in the southern New England Orogen (~296 Ma, amphibolite-facies; 
Craven et al., 2012). (7) Emplacement of Urannah Suite batholith (Connors Arch) and associated late 
stage dykes (308–284 Ma; Allen et al., 1998). (8) Early Permian extensional faults and associated 
inferred extension directions in and along the Sydney-Gunnedah-Bowen Basin System (Hammond, 
1987; Korsch et al., 2009b; Brooke-Barnett and Rosenbaum, 2015). (9) Early Permian basins in the 
New England Orogen (Li et al., 2015; Shaanan et al., 2015). (10) Felsic dykes in the Urannah Suite (285 
Ma; Allen, 2000). (11) Early Permian emplacement of S-type granitoids (Bundarra and Hillgrove Plutonic 
Suites) in the southern New England Orogen (Flood and Shaw, 1977; Cawood et al., 2011a; Jeon et 
al., 2012; Rosenbaum et al., 2012). (12) SHRIMP zircon ages from the Cranky Corner Basin (287 to 
284 Ma; Korsch et al., 2009b). (13) Initiation of thermal relaxation subsidence in the Sydney-Gunnedah-
Bowen Basin System (Korsch et al., 2009b). (14) Emplacement of the Alum Mountain Volcanics and 
Werrie Basalt (271.8 ± 1.8 and 266.4 ± 3.0 Ma respectively; Li et al., 2014). (15) Folded Early Permian 
strata in the southern New England Orogen (Collins, 1991) and D2 folds and corresponding penetrative 
fabric in Nambucca Block (275–265 Ma; Shaanan et al., 2014). (16) Middle Permian to 220–230 Ma 
folds in the in the northern New England Orogen (Fergusson et al., 1990, 1993; Holcombe et al., 1997b). 
(17) Middle Permian to Triassic cleavage in the northern New England Orogen (Fergusson et al., 1990, 
1993; Li et al., 2015). (18) 263–261 Ma folds in the Gunnedah Basin (Veevers et al., 1994). (19) Uplift by 
faulting of metamorphic complexes in the southern New England Orogen (266–258 Ma; Landenberger 
et al., 1995). (20) Commencement of thrusting in the Fitzroy region (265 Ma; Holcombe et al., 1997b). 
(21) Post 265 Ma (D3 and D4) folds in Nambucca Block (Offler and Foster, 2008; Shaanan et al., 2014). 
(22) Late Permian to Late Triassic thrust sheet in the Bowen Basin and the Gogango Overfolded Zone 
(Fergusson, 1991; Fielding et al., 1997; Holcombe et al., 1997b). (23) Late Permian to Late Triassic 
folds in the Bowen Basin (Fergusson, 1991; Holcombe et al., 1997b). (24) Mafic dykes in the Urannah 
Suite, northernmost New England Orogen (273–229 Ma; Allen, 2000). (25) Thrust-fold of North Pine 
Fault (Mt Mee) at ~260 Ma and Late-Permian to Triassic thrusts in Marlborough-Fitzroy area, northern 
New England Orogen (Holcombe et al., 1997b). (26) Major final movement on the Peel Fault (latest 
Permian and before 250 Ma; Woodward, 1995; Cawood, 2005). (27) I-type plutonism in the southern 
New England Orogen (255–240 Ma; Shaw and Flood, 1981; Bryant et al., 1997; Cawood et al., 2011b). 
(28) Minimum constraints of 260 Ma and 241 Ma for activity of thrusts in the western margin of the North 
D’Aguilar Block (Holcombe et al., 1997b). (29) A gap in magmatic activity (Caprarelli and Leitch, 1998; 
Cawood et al., 2011b).
The initiation of the Hunter-Bowen Orogeny, at ~270 or ~265 Ma (Fig. 2.3; Collins, 
1991; Holcombe et al., 1997b) marked an abrupt change in the style of tectonism 
throughout the New England Orogen. Contractional deformation produced folds and 
thrusts (Fig. 2.3b, c, and corresponding references), and affected Lower Permian 
rocks of the Sydney-Gunnedah-Bowen Basin System, which evolved into a foreland 
system (Fergusson, 1991; Fielding et al., 1997; Korsch and Totterdell, 2009; Korsch 
et al., 2009b, 2009c). The shift from regional extension and high heat flow to a 
contractional fold-and-thrust belt coincides with a general quiescence in the regional 
magmatism, from ~280 to ~260 Ma, with the exception of ~271–266 Ma volcanism in 
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the southernmost New England Orogen, which includes the Alum Mountain Volcanics. 
The REE pattern of the Alum Mountain Volcanics suggests that it was derived primarily 
from a depleted upper asthenosphere, and accordingly, the origin of these volcanic 
rocks has been hypothesised to indicate an episode of slab break-off (Caprarelli and 
Leitch, 2001; Li et al., 2014).
Widespread magmatism throughout the southern New England Orogen recommenced 
at ~260 Ma and continued until ~220 Ma (Fig. 2.3c). Unlike the earlier phase of mostly 
S-type granitoids, the Late Permian to Triassic phase of magmatic activity predominantly 
involved the emplacement of I-type granitoids and calc-alkaline volcanism (Fig. 2.3c; 
Shaw and Flood, 1981; Bryant et al., 1997).
The most prominent deformational feature within the southern New England Orogen is 
a set of tight oroclines that include the Z-shaped Texas and Coffs-Harbour oroclines in 
the north and the S-shaped Manning and Nambucca oroclines in the south (Fig. 2.2b). 
Evidence for the existence of these oroclines includes (1) a curved belt of early Paleozoic 
serpentinites (Korsch and Harrington, 1987), (2) curved structural and magnetic fabrics 
within the Devonian-Carboniferous subduction complex (Korsch and Harrington, 1987; 
Aubourg et al., 2004; Li et al., 2012a; Li and Rosenbaum, 2014; Mochales et al., 2014), 
(3) the spatial distribution of the segmented Devonian-Carboniferous forearc basin 
blocks (Korsch and Harrington, 1987; Glen and Roberts, 2012; Rosenbaum, 2012; 
Hoy et al., 2014) and (4) a curved belt of deformed S-type Early Permian granitoids 
(Fig. 2.2b; Rosenbaum et al., 2012). The age of the Early Permian granitoids (298–288 
Ma) provides a maximum constraint for the timing of oroclinal bending, whereas a 
minimum age constraint is provided by the occurrence of the Late Permian to Triassic 
(260–220 Ma) I-type magmatic rocks that crosscut the oroclinal structure (Cawood et 
al., 2011b; Rosenbaum et al., 2012).
Paleomagnetic data from Lower Carboniferous forearc basin strata (Rouchel, Gresford 
and Myall blocks; Fig. 2.2b) were interpreted as an indication for counterclockwise 
rotations of 80° for the Rouchel and Gresford blocks and 120° for the Myall Block, 
around vertical axes located within these blocks (Geeve et al., 2002), or for more 
modest rotations around distal vertical axes (Cawood et al., 2011b). Within the Myall 
Block, Permian strata are exposed in the cores of two north-south trending, doubly-
plunging synclines (Gloucester and Myall; Figs. 2.2b, and 2.4). These folds are thought 
to have formed in response to ~E-W Hunter-Bowen contractional deformation, and 
a subsequent phase of contraction that produced a Type-1 fold interference pattern 
(Korsch and Harrington, 1981; Collins, 1991). The folded succession includes Permian 
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clastic sedimentary rocks underlain by a volcanic horizon (the Alum Mountain Volcanics), 
which unconformably overlies the Carboniferous forearc basin rocks (Fig. 2.4c, and d).
Exposures of the Alum Mountain Volcanics form an oval ridge that highlights the 
structure of the Gloucester syncline (Fig. 2.4). Both the thickness and composition of 
the Alum Mountain Volcanics are variable. The maximum thickness is 1800 meters 
and the lithology includes basalt, andesite, dacite, rhyolite flows, breccias, welded-ash 
flows and ash-fall tuffs (Carey and Browne, 1938; Roberts et al., 1991; Caprarelli and 
Leitch, 2001). The age of the Alum Mountain Volcanics has been dated at 271.8 ± 1.8 
Ma using 40Ar/39Ar geochronology (Li et al., 2014), and 274.1 ± 3.4 Ma using U-Pb 
SHRIMP zircon geochronology (Roberts et al., 1996).
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Figure 2.4. Geological map and cross sections of the study area (Gloucester and Myall synclines). 
Sampling sites that were paleomagnetically unstable or inconsistent are in grey. The stereographic 
projection (equal area lower hemisphere) shows poles to bedding from the Permian succession of the 
Gloucester syncline. Poles are divided into northern (black and βn, n=83), Central (grey and βc, n=28) 
and southern (brown and βs, n=54) domains. Dashed line is best-fit girdle for the axial plane of the 
syncline. Locations of cross sections are shown in section a.
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2.4. METHODS
We conducted petrographic, structural, 
and paleomagnetic investigation of the 
Alum Mountain Volcanics. Oriented 
samples from 25 localities in the Myall 
Block (Fig. 2.4a) were drilled using 
a hand held Pomeroy EZ Core Drill 
model D261-C. Cores were oriented, 
using Pomeroy orienting fixture, with a 
magnetic compass, and when possible 
a sun compass. The top and bottoms 
of the sampled cores were trimmed 
in the laboratory, and 22 mm long 
cylindrical specimens were separated 
for measurements. Tilt correction for 
paleomagnetic sampling sites were based 
on structural constraints from proximal 
overlying sedimentary strata (Fig. 2.4a). 
Magnetic measurements were carried 
out in a magnetically shielded room with 
a DC-SQUID cryogenic magnetometer 
at the Istituto Nazionale di Geofisica 
e Vulcanologia (INGV, Rome, Italy). 
Samples were stepwise demagnetised 
using thermal up to 680°C and alternating 
field (AF) up to 130 mT techniques. Data 
analyses were conducted using Remasoft 
3.0 (Chadima and Hrouda, 2006) and 
IAPD (Torsvik, 1986) software.
Figure 2.5. Representative photomicrographs 
of the Alum Mountain Volcanics. Left sections 
are taken under cross-polarised light and right 
sections are under plane-polarised light. For 
locations see Figure 2.4. (a) Pumpellyite amygdule 
in fine mafic groundmass (site G3). (b) Trachyte 
with sanidine feldspar crystals showing carlsbad 
twinning and trachytic flow texture (site G21). (c) 
Rhyolitic ignimbrite with glassy groundmass and 
abundant lithic fragments (site G6). (d) Volcanic 
glass with perlitic texture from the base of the 
volcanic succession (Site VG in Fig. 2.4d and 
corresponding location in 2.4a).2.5. RESULTS
2.5.1. PETROGRAPHY AND STRUCTURAL DATA
The composition and degrees of alteration of the Alum Mountain Volcanics were 
found to be extremely variable even within outcrops. Samples consisted of basalt, 
trachyte, quartz rhyolite and ignimbrite (Fig. 2.5). The more mafic lithologies include 
amygdaloids and fractures filled by pumpellyite (Fig 2.5a), indicating a low prehnite-
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pumpellyite metamorphic facies (temperatures of ~100–300°C). The absence of 
actinolite and epidote and the presence of chlorite, quartz and calcite, are consistent 
with the suggestion that metamorphic conditions were lower than greenschist facies.
Analyses of structural data were restricted to strata from above the Permo-Carboniferous 
unconformity. Projection of 165 poles to bedding from across the Gloucester syncline 
shows a scatter attributed to non-cylindrical folding (Fig. 2.4b). These data can be 
subdivided into northern, central and southern domains. The structure of the northern 
domain is characterised by an upright rounded fold with a shallow south plunging hinge 
(βn = 04/190; Fig. 2.4b, and d), whereas the fold in the southern domain is angular and 
plunges moderately to the north (βs = 18/359; Fig. 2.4b, and c). This double-plunging 
fold geometry was used for calculating the paleomagnetic tilt-correction.
2.5.2. PALEOMAGNETISM
The Natural Remanent Magnetisation of the Alum Mountain Volcanics varies strongly 
from 0.9 mA/m to 2.5 A/m. Both AF and thermal stepwise demagnetisations have been 
applied (Fig. 2.6a, and b). In some cases, where full demagnetisation was not achieved 
by 100–130 mT alternating field, samples were thermally demagnetised at 400–680°C 
(e.g., Fig. 2.6c). Samples from eight sites either do not carry a stable remanence 
magnetisation, or have highly scattered (α95 > 16°) and/or inconsistent (within site) 
characteristic remanence directions (Fig. 2.4a). These sites include the most altered 
lithologies mentioned above and were excluded from further analysis. 
Most other samples carry a stable steep downward (after tilt correction) unipolar 
characteristic remanent magnetisation, which is likely carried by magnetite and/or 
hematite (Figs. 2.6, 2.7b, and Table 2.1). Few samples have an additional low-stability, 
randomly-oriented remanence component, which was removed after the first few steps 
of demagnetisation. The characteristic remanence directions from the 18 prospective 
sites are scattered in geographic coordinates, but the scatter decreases significantly 
when a tilt correction is applied (Fig. 2.7a, and b). The fold test of McFadden (1990) is 
positive at the 99% confidence level; fold test SCOS values are 9.447 in situ and 1.517 
after tilt correction with critical value of 6.919. The in situ Fisher’s precision parameter is 
1.5 and after tilt correction is 10.7 (Fig. 2.7). We therefore conclude that the measured 
remanent magnetization is pre-folding. The overall tilt-corrected remanence direction 
is D=27.5°, I=88.2° (N=18, k=10.7, α95=11.1°) and the corresponding paleomagnetic 
pole is at 30.0°S, 153.2°E (A95 = 19.5°).
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Figure 2.6. Alternating field (a), thermal (b), and (c) combined alternating field and thermal 
demagnetisations. In orthogonal plots, open (closed) symbols show magnetisation vector endpoints in 
the vertical (horizontal) plane. Stereoplots (Lambert projection) show tilt corrected pointing paleomagnetic 
directions (all downwards). Curves show intensities during stepwise demagnetisation.
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2.6. DISCUSSION
2.6.1. DATA INTERPRETATION
The positive paleomagnetic fold test (Fig. 2.7) indicates that the analysed characteristic 
magnetisation component of the Alum Mountain Volcanics predates folding in the 
Gloucester and Myall synclines. The low temperatures of the sub-greenschist 
metamorphic conditions (<300°C) makes the possibility of re-magnetisation less likely, 
and in conjunction with the positive fold test, suggests that the measured characteristic 
magnetisation is primary.
Previously published paleomagnetic data from the New England Orogen were compiled 
by Cawood et al. (2011b), who proposed a model that involved buckling and significant 
northward translations, possibly assisted by sinistral strike-slip faulting. However, 
the timing and mechanism of oroclinal bending have remained poorly constrained, 
particularly because paleomagnetic data 
from the southern New England Orogen 
were limited to older rocks (Devonian 
and Carboniferous) in comparison to the 
Permian rocks sampled by us. Therefore, 
the timing of the final stage of oroclinal 
bending has remained unconstrained. A 
comparison of our calculated ~272 Ma 
paleopole of the Myall Block (30.0°S, 
153.2°E, α95=19.5°) with the mean 275–
270 Ma Gondwanan pole (recalculated 
from McElhinny et al., 2003 and Cawood 
et al., 2011b) and with the mean pole for 
the northern Tamworth Belt (Schmidt, 
1988; Lackie and Schmidt, 1993; Opdyke 
et al., 2000; Klootwijk, 2002, 2003; 
summarised by Cawood et al., 2011b) 
shows overlapping confidence circles. 
This indicates that at ~272 Ma the Myall 
Block was located close to its present 
position with respect to cratonic Australia 
(Fig. 2.8a).
0
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Figure 2.7. Fold test for paleomagnetic data from 
the Gloucester and Myall synclines. (a) Steroplot 
of in situ mean directions of sampling sites (see 
also Table 2.1). (b) Steroplot of mean directions 
of sampling sites after tilt correction. (c) Ficher’s 
precision parameter during unfolding.
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The proximity and overlap in confidence circles of the paleopoles suggests that by ~272 
Ma, the blocks of the New England Orogen were close to their present-day position 
with respect to cratonic Australia (Gondwana), hence that the oroclinal structure was 
predominantly complete. When plotting the blocks in their exact current arrangement 
with respect to Australia, the confidence circles of the Gondwanan and Tamworth 
Belt poles are close but do not overlap (Fig. 2.8b), indicating that a minor component 
of relative translation postdated the Early Permian. As indicated by our positive fold 
test, the formation of Gloucester and Myall synclines is an example for deformation 
that occurred after ~272 Ma. These folds and inferred translations are likely related 
to contractional deformation during the Hunter-Bowen Orogeny (Fig. 2.3) and though 
it may have affected the overall oroclinal structure, our data indicate that oroclinal 
bending in the southernmost New England Orogen (Manning Orocline) was essentially 
completed prior to the initiation of the Hunter-Bowen Orogeny.
M
H
G
R
NT
Tb.NT
T
RG
M H
a.
Figure 2.8. Paleogeographic reconstructions of the blocks within the southern New England Orogen. 
T – Texas Block, NT – North Tamworth Block, R – Rouchel Block, G – Gresford Block, M – Myall Block, 
H – Hastings Block. Paleopoles are shown with circles of confidence: square – mean Gondwanan pole 
(recalculated from McElhinny et al., 2003 and Cawood et al., 2011b), triangle – mean North Tamworth 
pole (calculated by Cawood et al., 2011b), circle – Myall pole (this study). (a) After Cawood et al. (2011b). 
(b) with all block at their present positions with respect to Australia.
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2.6.2. TIMING AND TECTONIC SETTING OF OROCLINAL BENDING IN THE NEW 
ENGLAND OROGEN
Previous suggestions for the timing of oroclinal bending, based on hitherto available 
constraints, broadly ranged from (a) Middle to Late Carboniferous (Murray et al., 
1987; Geeve et al., 2002), and (b) latest Carboniferous (or earliest Permian) to Middle 
Permian (~305–260 Ma; Cawood et al., 2011b; Glen and Roberts, 2012; Rosenbaum 
et al., 2012), and (c) Late Permian (Collins et al., 1993). Whether the northern oroclines 
(Texas and Coffs Harbour oroclines) developed simultaneously with the southern 
oroclines (Manning and Nambucca oroclines) is unknown. However, both sets of 
structures show evidence for a curved belt of Early Permian granitoids (298–288 Ma), 
which mimics the geometry of the oroclines, thus indicating that both the northern 
and southern oroclines formed during or after the emplacement of these granitoids 
(Rosenbaum et al., 2012). Our new paleomagnetic results further constrain the timing 
of oroclinal bending, indicating that the southern part of the New England oroclines 
(i.e., Manning Orocline) must have developed prior to the emplacement of the Alum 
Mountain Volcanics at ~272 Ma. Therefore, the Manning Orocline must have formed 
in the Early Permian after ~298 Ma and before ~272 Ma. Importantly, this time span 
predated the initiation of contractional deformation associated with the Hunter-Bowen 
Orogeny (Fig. 2.3).
The collective geological evidence for Early Permian contemporaneous emplacement 
of S-type granitoids, high-temperature metamorphism, and extensional faulting (Fig. 
2.3, and corresponding references), indicate that during this period, the New England 
Orogen was positioned in a hot backarc extensional setting (Jenkins et al., 2002; Korsch 
et al., 2009b; Shaanan et al., 2015). Furthermore, age spectra of detrital zircons from 
the Early Permian Nambucca Block (Fig. 2.2b), include a major component of pre-
Devonian ages, implying that detritus was derived from cratonic Australia (Gondwana), 
as expected for a sedimentary basin that was positioned in a backarc setting (Shaanan 
et al., 2015). The new time constraint for the formation of the Manning Orocline, 
therefore, indicates that oroclinal bending took place when the whole area was situated 
in an extensional backarc setting.
2.6.3. IMPLICATIONS FOR THE GEODYNAMICS OF OROCLINAL BENDING
The constraints on the timing of oroclinal bending in the southernmost New England 
Orogen, in conjunction with evidence for contemporaneous backarc extension, raise 
the possibility that trench retreat played an important role in the formation of the New 
England oroclines. Trench retreat is controlled by the negative buoyancy of subducting 
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slabs relative to surrounding asthenosphere, and by the flux of mantle return flow that 
volumetrically compensates the retrograde slab motion (Elsasser, 1971; Garfunkel et 
al., 1986). Lateral variations in the rate of trench retreat are common (Jarrard, 1986; 
Schellart et al., 2007), and are responsible for the formation of arcuate segments and 
cusps in the geometry of plate boundaries (Schellart and Lister, 2004; Morra et al., 
2006; Schellart et al., 2007). In particular, higher retreat rates and tighter curvatures 
have been shown to occur in the proximity of the slab edges and in response to 
subduction of narrow slab segments (Stegman et al., 2006; Schellart et al., 2007). 
As demonstrated in numerous examples in modern tectonics, such a progressive 
formation of plate boundary curvatures is intimately linked to the development of 
backarc extensional basins and block rotations in the overriding plate (Lonergan and 
White, 1997; Rosenbaum and Lister, 2004; Faccenna et al., 2014; Rosenbaum, 2014). 
Accordingly, rotation and translation of blocks and tectonic nappes in the overriding 
plate, in response to the development of plate boundary curvatures, can result in the 
formation of oroclines.
The suggestion that oroclines form in response to plate boundary migration (e.g., trench 
retreat or indentation) is fundamentally different from the type of processes proposed, 
for example, for the origin of the (Paleozoic) Cantabrian Orocline (Weil et al., 2013) 
or Kazakhstan Orocline (Xiao et al., 2010). Most models for the formation of these 
oroclines assume that bending occurred through buckling of the whole lithosphere 
in response to orogen-parallel contraction (Fig. 2.1a), but whether this process is 
geodynamically plausible is yet to be demonstrated. Moreover, modern oroclines, 
for example, in the Mediterranean region (Rosenbaum, 2014), eastern Indonesia 
(Hall, 2012) and southwest Pacific (Schellart et al., 2006), do not show evidence 
for lithospheric buckling, and appear to be primarily controlled by a combination of 
continental indentation and trench retreat (Fig. 2.1b). It is therefore possible that the 
role of buckling has been overestimated in reconstructions of ancient oroclines.
Results of this study suggest that similarly to some modern examples, oroclinal bending 
in the southernmost New England Orogen was driven by trench retreat. The evidence 
for extensional tectonism during the Early Permian, together with the indication that 
oroclinal bending was mostly concluded prior to the commencement of the Hunter-
Bowen Orogeny, are consistent with the suggestion that trench retreat accompanied by 
backarc extension, rather than orogen-parallel contraction, was the primary mechanism 
that controlled oroclinal bending in the New England Orogen.
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2.7. CONCLUSIONS
New paleomagnetic data indicate that the southern part of the New England oroclines 
predominantly formed in the Early Permian, before ~272 Ma. During this period, the 
former (Devonian-Carboniferous) forearc units of the New England Orogen were 
positioned in an extensional backarc setting, indicating that a substantial migration of 
the subduction boundary must have occurred. The established spatial and temporal 
link between the formation of the Manning Orocline with backarc extension and the 
migration of the subduction boundary, suggest that similarly to modern examples such 
as the Mediterranean region, the formation of the New England oroclines was primarily 
controlled by trench retreat.
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This chapter was published in Tectonics (2014) as:
Structural evolution of the Early Permian Nambucca Block 
(New England Orogen, eastern Australia) and implications 
for oroclinal bending
Shaanan, U., Rosenbaum, G., Li, P., and Vasconcelos, P.
3.1. ABSTRACT
The Paleozoic to Early Mesozoic southern New England Orogen of eastern Australia 
exhibits a remarkable ear-shaped curvature (orocline), but the geodynamic processes 
responsible for its formation are unclear. Oroclinal bending took place during the Early 
Permian, simultaneously with the deposition of the rift-related Sydney-Gunnedah-
Bowen Basin System, which bounds the oroclines to the west. The Nambucca Block is 
another Early Permian rift basin, but it is situated in the core of the oroclinal structure. 
Here we present new stratigraphic, structural, and geochronological data from the 
Nambucca Block in an attempt to better understand its tectonic history and relationships 
to the formation of the oroclines. We recognised four phases of folding and associated 
structural fabrics (S1-4), with the second phase (S2) dated at 275–265 Ma by 
40Ar/39Ar 
geochronology of muscovite. This age overlaps with independent constraints on the 
timing of oroclinal bending, suggesting that the earlier two phases of deformation in 
the Nambucca Block (F1 and F2) were associated with orocline formation. We propose 
that oroclinal bending involved three major stages. The first stage (<300 Ma) was 
associated with variations in rates of trench rollback and formation of rift basins in a hot 
extensional backarc setting. This was followed by a second stage of oroclinal bending, 
possibly linked to dextral wrench faulting, which involved ~N-S contraction (F1). 
Subsequent deformation at 275–265 Ma involved formation of nappe-style structures 
(F2). This phase of contractional deformation may have resulted from an increased 
plate coupling, that was possibly linked to flat-slab subduction.
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Figure 3.1. (a) Simplified tectonic map of eastern Australia showing the location of the New England 
Orogen within the Tasmanides (after Myers et al., 1996, Glen, 2005; Cawood and Korsch, 2008). Purple 
line indicates the structural grain of the New England oroclines. (b) Aeromagnetic gridded data of the 
southern New England Orogen (from Geoscience Australia). Yellow line indicates the inferred minimal 
spatial distribution of the Barnard Basin. (c) Geological map of the southern New England Orogen 
highlighting Middle-Permian and older rocks. Abbreviations: Cl – Clarence-Moreton Basin; Em – Emu 
Creek Block; Gr – Gresford Block; Ha – Hastings Block; Mb – Mount Barney; My – Myall Block; Na – 
Nambucca Block; Rc – Rocky Creek Block; Ro – Rouchel Block; We – Werrie Block.
3.2. INTRODUCTION
Curved orogenic belts, normally referred to as oroclines (Carey, 1955), have received 
much attention in recent literature (Marshak, 2004; Van Der Voo, 2004; Johnston et 
al., 2013; Weil et al., 2013). Based on studied examples, various tectonic mechanisms 
have been proposed to explain the formation of oroclines, including perturbations 
in thin-skinned fold-and-thrust belts (Marshak, 1988, 2004), tectonic indentation 
(Tapponnier et al., 1982; Eldredge et al., 1985), strike-slip faulting (Kamp, 1987), 
lithospheric-scale buckling (Weil et al., 2013), and subduction rollback (Rosenbaum, 
2014). Some oroclines, such as the New England oroclines in eastern Australia, are 
characterised by particularly complex geometries, and their formation mechanisms are 
not yet understood.
The New England Orogen is the youngest orogenic component in eastern Australia 
(Cawood, 2005; Glen, 2005). The majority of the rocks in the New England Orogen 
are associated with a Devonian to Triassic supra-subduction environment, with a 
minor occurrence of earlier tectonic elements. The Devonian-Carboniferous rocks are 
attributed to a volcanic arc and a forearc region (forearc basin and accretionary complex; 
Fig. 3.1c; Leitch, 1975b; Day et al., 1978), whereas younger rocks (late Permian to 
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Triassic calc-alkaline volcanic rocks and I-type granitoids) are mainly associated with 
subduction-related magmatism (Shaw and Flood, 1981). In addition, Early Permian 
granitoids and sedimentary rocks also occur in the New England Orogen, with two 
vital observations indicating that a major geodynamic change took place in the New 
England Orogen during the Early Permian.
First, during the Early Permian, the whole of eastern Australia was subjected to 
extension, which gave rise to the formation of widespread rift systems (e.g., Sydney-
Gunnedah-Bowen Basin System; Korsch et al., 2009b). In the New England Orogen, 
extension was accompanied by enhanced heat flow, which resulted in melting of the 
former accretionary complex and the emplacement of S-type granitoids (Shaw and 
Flood, 1981; Jeon et al., 2012; Rosenbaum et al., 2012). In addition, Early Permian 
rift-related sedimentary rocks, collectively referred to as the Barnard Basin (Leitch, 
1988), were deposited unconformably on the Devonian-Carboniferous accretionary 
complex of the southern New England Orogen. The preservation of the Barnard Basin 
is limited to a number of isolated blocks (Fig. 3.1b) comprising clastic sedimentary 
rocks intercalated by volcanic units (Asthana and Leitch, 1985; Leitch, 1988; Cawood 
et al., 2011a; Adams et al., 2013). The formation of this basin and its deformational 
history may provide a key to understanding the development of the New England 
oroclines during the Early Permian. Second, the southern New England Orogen was 
subjected to orogenic bending, which gave rise to an ear-shaped oroclinal structure 
(Fig. 3.1) (Cawood et al., 2011b; Glen and Roberts, 2012; Rosenbaum, 2012). The 
exact geometry of the orocline and its formation mechanisms are still debated, but 
the timing of oroclinal bending is constrained to the Early Permian (300–272 Ma) 
(Rosenbaum et al., 2012; Shaanan et al., in press).
The Nambucca Block, which is situated in the “core” of the New England oroclinal structure 
(Fig. 3.1b, and c), is the largest exposure of the Early Permian Barnard Basin (Leitch, 1978, 
1988; Leitch and McDougall, 1979; Korsch and Harrington, 1987; Johnston et al., 2002; 
Adams et al., 2013). The tectonic setting that led to sedimentation in the Nambucca Block 
and its relationship with the oroclinal bending are still unresolved. In addition, structures 
within the Nambucca Block possibly provide information on the deformation associated 
with oroclinal bending (Offler and Foster, 2008; Cawood et al., 2011b).
The aim of this paper is to unravel the possible role that the Nambucca Block played 
in the formation of the New England oroclines. We present new structural observations 
from the Nambucca Block and 40Ar/39Ar ages of deformation. These results provide 
new insights into the origin and deformation of the Nambucca Block, which further 
constrain the tectonic evolution of the New England oroclines.
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Figure 3.2. Simplified geologic map of the coastline of the Nambucca Block (after; Brunker et al., 1970; 
Leitch et al., 1971; Gilligan et al., 1987, 1992). Observed deformation features are plotted adjacent to 
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3.3. GEOLOGICAL SETTING
The New England orocline, which occurs in the southern part of the New England 
Orogen (Fig. 3.1), is characterised by four bends that are recognised in the traces of 
bedding, structural fabrics, and magnetic fabrics (Li et al., 2012a; Rosenbaum, 2012; 
Li and Rosenbaum, 2014; Mochales et al., 2014). In the northern part of the system, 
a Z-shaped curvature is known as the Texas and Coffs Harbour oroclines (Fig. 3.1c; 
Korsch and Harrington, 1987; Murray et al., 1987; Lennox and Flood, 1997; Offler and 
Foster, 2008; Li et al., 2012a). The southern part of the structure consists of a less 
obvious S-shaped bend known as the Manning and Nambucca oroclines (Fig. 3.1c) 
(Cawood et al., 2011b; Glen and Roberts, 2012; Rosenbaum, 2012; Rosenbaum et al., 2012). 
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A number of independent tectonic elements define the oroclinal structure (Rosenbaum, 
2012). A narrow belt of early Paleozoic serpentinites, cropping out along the boundary 
between Devonian-Carboniferous forearc basin rocks and the accretionary complex 
(e.g., Peel-Manning fault system; Fig. 3.1c; Aitchison et al., 1994), is curved and is 
clearly visible in magnetic images (Fig. 3.1b). The Devonian-Carboniferous forearc 
basin (Tamworth Belt) is exposed between the Peel-Manning and Hunter-Mooki 
faults, with its continuation toward the Hastings Block defining the Manning Orocline 
(Fig. 3.1c; White et al., in review). The northeastern continuation of the forearc basin 
is mostly concealed beneath younger sedimentary cover with the exception of the 
exposed Emu Creek Block and Mount Barney inlier (Fig. 3.1c; Hoy et al., 2014). Rocks 
of the Devonian-Carboniferous accretionary complex (Tablelands Complex) occupy 
most of the central part of the oroclinal structure, and their structural fabrics mark the 
orogenic curvatures (Lennox and Flood, 1997; Li et al., 2012a; Li and Rosenbaum, 
2014). A belt of Early Permian S-type granitoids (Fig. 3.1c), which was emplaced 
at 298–288 Ma (Rosenbaum et al., 2012), traces the curved trend and marks the 
structure of the Texas, Manning and Nambucca oroclines. The map-scale curvature of 
this belt indicates that oroclinal bending occurred during or after the emplacement of 
these granitoids (Rosenbaum et al., 2012). A minimum age constraint is available from 
paleomagnetic data, which indicate that oroclinal bending was concluded prior to ~272 
Ma (Shaanan et al., in press). A phase of contractional deformation, normally refers to 
the Hunter-Bowen phase (Collins, 1991; Holcombe et al., 1997b; Korsch et al., 2009c; 
Li et al., 2012b; Shaanan et al., in press), overlaps with the late Permian to Triassic 
magmatism and therefore postdates the bulk formation of the New England oroclines.
The Nambucca Block is situated between the Coffs Harbour Orocline and the 
Nambucca Orocline and occupies an area of approximately 7500 km2 (Fig. 3.1c). The 
boundaries of the block are not fully defined due to poor outcrop conditions and lack 
of high-resolution magnetic and gravity data. The Bellingen Fault (Figs. 3.1c, and 3.2) 
separates the Nambucca Block from Devonian-Carboniferous accretionary complex 
rocks of the Coffs Harbour Association (part of the Tablelands Complex) to the north 
(Leitch et al., 1971; Leitch and Asthana, 1985). In a map view, the Bellingen Fault has 
a linear appearance across topography, suggesting that it has a subvertical geometry. 
However, direct observations on the geometry and kinematics of the Bellingen Fault 
have not been reported. South of the Nambucca Block is the Devonian-Carboniferous 
Hastings Block, which is considered to be a displaced segment of the forearc basin 
(Roberts and Engel, 1987; Roberts et al., 1995). To the west, the Nambucca Block 
is bounded by Devonian-Carboniferous accretionary wedge rocks of the Tablelands 
Complex (Fig. 3.1c). 
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Rocks in the Nambucca Block consist of a variably deformed clastic sequence of 
varying grain sizes (boulders to clay). The thickness of the sequence was estimated 
to be at least 5 km (Leitch, 1975a, 1978). Rocks were subjected to low-grade (up 
to low-greenschist facies) regional metamorphism (Leitch, 1975a, 1978; Leitch 
and McDougall, 1979; Gilligan et al., 1992; Offler and Brime, 1994), with estimated 
maximum temperatures of 250–350°C (Offler and Brime, 1994). Five phases of ductile 
deformation were described by Leitch (1978) and Johnston et al. (2002) with the first 
ones involving higher strain. However, the correlation between observed deformation 
features across the block is not entirely understood. In order to better understand the 
structure of the Nambucca Block, we produced structural maps at scales of 1:450 to 
1:1000 for coastal outcrops between the towns of Coffs Harbour and Port Macquarie 
(Fig. 3.2). The maps are presented in Figures 3.3-3.7 and discussed in the following sections.
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3.4. STRATIGRAPHY, LITHOLOGY, AND PETROGRAPHY
The coastal transect across the block shows a general trend of fining toward the north, 
with conglomerates (Fig. 3.8d) and sandstone (Fig. 3.8c) dominating the southern 
part of the block (Crescent Head to Grassy Head; Figs. 3.2, 3.6, and 3.7), and pelitic 
rocks (Fig. 3.8a, and b) dominating the northern part (Nambucca Heads to Bundagen 
Headlands; Figs. 3.2-3.5). In the northern part of the block, original traces of bedding 
(S0) are transposed to the orientation of the structural fabrics. In the southern part, 
bedding is clearly recognised and is generally dipping to the northwest (Figs. 3.6, and 
3.7). Sedimentary structures, such as cross-bedding and graded-bedding, were found 
in the southern outcrops (e.g., Crescent Head, Korogoro, and Smoky Cape) and in 
inland outcrops (e.g., coordinates: 0437752/6568951). They indicate a regional normal 
younging direction (right-way-up), meaning that the base of the sequence is in the 
southeastern part of the block. The observed fining upward trend, therefore, seems to 
reflect basin development.
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Figure 3.6. Smoky Cape structural map, 
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the central (grey; Fig. 3.11) and northern 
(purple; Fig. 3.12) parts of the mapping 
area. The great circles mark the best fit 
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folds vary and dip less than 30° northwest 
(marked in grey). On the A-A’ schematic 
cross section, black lines represent projected 
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legend, see Figure 3.2.
The pelitic rocks in the northern part 
of the Nambucca Block consist of 
foliated quartz-mica domains that 
vary in thickness from fractions of 
a millimetre (i.e., the alignment of 
single mica grains) to centimeter-
scale alternating domains. The 
quartz domains have varying 
grain sizes (up to 0.05 mm), with 
individual grains showing undulose 
extinction. The mica domains 
consist of muscovite, minor biotite, 
and oxides.
The sandstones consist mainly of 
angular polymodal quartz grains 
with mica (biotite and muscovite), 
lithic fragments, feldspars (mainly 
plagioclase), and opaque minerals. 
Quartz grains show undulose 
extinction. There are no pores, and 
the matrix consists of microcrystalline 
quartz. Post-deformation quartz 
veins can be recognised in outcrops 
and in thin sections. These differ 
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Figure 3.7. Korogoro and Crescent Head structural maps and stereographic projections (equal area 
lower hemisphere stereographic projections). For legend, see Figure 3.2.
from the quartz grains in the sandstone by having parallel extinction, indicating post-
deformation precipitation. Accessory zircons are also observed.
Conglomerates in the southern outcrops alternate between matrix- and clast-supported 
textures. The clasts include sedimentary, plutonic, and volcanic lithologies and show 
variations in the chemical and physical maturity. The presence of immature clasts 
indicates relative proximity of the source material to the basin depocentre.
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3.5. DEFORMATION AND OVERPRINTING RELATIONSHIPS
The relatively fine-grained beds of the northern part of the Nambucca Block are 
characterised by strong slaty cleavage and multiple overprinting relationships (Figs. 
3.8b, 3.9, and 3.10c-d). In contrast, the coarser conglomerate and sandstone beds 
in the southern part preserve primary bedding planes, and mesoscopic folding, but 
only rarely record penetrative (incipient) structural fabrics (Figs. 3.2, and 3.11-3.13). 
Penetrative deformation fabrics in the southern part are recognised within the hinges 
of mesoscopic folds (Fig. 3.10a). Our observations are generally in agreement with 
previous studies (Leitch, 1978; Johnston et al., 2002) and provide further evidence for 
mesoscopic folding in the southern part of the Nambucca Block.
3.5.1. FIRST GENERATION OF FOLDING (F1)
The first generation of folding (F1) is recognised both in mesoscopic folds (Fig. 3.13) 
and slaty cleavage (S1). Mesoscopic F1 folds and microscopic slaty cleavage are best 
recognised in Grassy Head (Figs. 3.2, and 3.13). The folds are asymmetric, rounded 
and open, with wavelengths of ~10 m. The folds are generally upright, with steeply 
inclined E-W striking axial surface. S1 slaty cleavage is also recognised within F2 
microlithons in northern coastal outcrops (Valla Beach, Wenona Head, and Bundagen 
Headlands; Figs. 3.2, and 3.10b). 
3.5.2. SECOND GENERATION OF FOLDING (F2)
The second generation of folds (F2) produced sub-horizontal to gently-inclined, 
northwest dipping, axial surfaces. These axial surfaces are associated with tight and 
rounded-to-angular recumbent folds (Figs. 3.8a, 3.11, and 3.12) and sub-horizontal to 
gently-inclined slaty to spaced cleavage (S2; Figs. 3.8b, and 3.10a-c). The wavelength 
and amplitude of the recumbent folds vary from tens of meters (Figs. 3.11, and 3.12) to 
microscopic folds (Fig. 3.8a)
A number of F2 mesoscopic recumbent folds were mapped at different sites along 
the southern coastal outcrops of the Nambucca Block (Figs. 3.6, and 3.7). The folds 
are confined to specific layers and are bounded by sub-horizontal to gently-inclined 
décollements (Fig. 3.12). Fold hinges trend 050° to 070°, and the axial surfaces 
are dipping less than 30° to the northwest (see Fig. 3.11 and top stereonet in Fig. 
3.6). Mesoscopic and microscopic recumbent folds (Fig. 3.8a) with roughly similar 
orientations were found in the northern and central outcrops (Grassy Head, Hungry 
Head, and north Wenona; Fig. 3.2). The similar orientation of these folds and associated 
development of incipient sub-horizontal to gently inclined axial surface fabric (e.g., 
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Figure 3.8. (a) Photomicrograph of a slate from North Wenona, showing a microscopic F2 recumbent 
fold on a vertical north-south plane. (b) Photomicrographs of two perpendicular vertical sections of 
a slate from Hungry Head. The right image (N-S section) shows horizontal S2 quartz-mica domains. 
The left image (E-W section) shows overprinting relations between S2, S3 and S4. (c) Sandstone in an 
overturned bed from Smoky Cape. Note that quartz grains vary in size and angularity. Lithic fragments, 
feldspar, mica (muscovite and biotite), and opaque minerals (oxides) are abundant. The photograph in 
the right shows overturned cross-bedding. (d) Conglomerate from Korogoro showing a polimodalic texture.
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in proximity of the fold hinge in Smoky Cape; Fig. 3.10a) indicate that the folds are 
tectonic in origin, rather than sedimentary. These observations also suggest that the 
penetrative sub-horizontal to gently inclined cleavage in the northern outcrops may 
correspond to this generation of folding. S2 is the dominant structural fabric in most of 
the pelitic outcrops in the northern part of the Nambucca Block (Figs. 3.8b, 3.10b, and 
d). The fabric consists of quartz-mica domains, and it contains stretching lineation (L2) 
defined by elongated quartz aggregates that trends roughly E-W (Fig. 3.5). 
At Smoky Cape, rounded open upright folds were mapped, with axial surfaces striking 
NE-SW at approximately the same orientation as the F2 recumbent folds (Fig. 3.6). It is 
unclear whether these folds developed during the same deformation phase or during 
a younger phase of folding.
100 μm
S2
25 μm
S2
S3
S3
S3 fabric Quartz pressure solutionCrenulated S2
Figure 3.9. A scanning electron microscope image (JEOL JSM-6460LA, 15 keV backscatter detector) 
and X-ray analyses (energy dispersive spectroscope) of the sample from Nambucca Heads that was 
dated by the 40Ar/39Ar technique. The image shows crenulations of the S2 fabric and rotations of muscovite 
grains toward the S3 planes. Truncated quartz grains (bottom right) indicate pressure solution. Crosses 
mark sites of the elemental composition analyses. 
3.5.3. THIRD GENERATION OF FOLDING (F3)
The third generation of folds (F3) has affected all previous foliations, as well as abundant 
post-F2 quartz veins. It is characterised by rounded tight folds with steeply inclined 
axial surfaces and crenulation cleavage planes (S3) that strike ~NNW-SSE and vary 
spatially in intensity and orientation (Figs. 3.2-3.5, and 3.8b). The spaces between 
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the F3 cleavage planes and their orientation vary spatially, forming closely spaced F3 
domains (millimetre to centimetre scale) and microlithons that preserve earlier fabrics 
(Figs. 3.9, and 3.10c). The F3 folding phase seems to be milder than the previous ones, 
as indicated by the spaced cleavage.
Scanning electron microscope microstructural analyses from Nambucca Heads show 
evidence for progressive rotations from an earlier fabric orientation to the S3 orientation. 
Truncated quartz grains indicate that pressure solution was a primary deformation 
mechanism (Fig. 3.9). Furthermore, EDS (energy disperse system X-ray) analysis of 
mica grains from different foliation planes (S2 and S3) within a single sample shows that 
both grains are indistinguishable. Mica grains from both foliation planes appear to have 
a similar muscovite (KAl2(AlSi3O10)(OH)2) composition, possibly with some paragonite 
(NaAl2(AlSi3O10)(OH)2) and/or magnesium and sodium substitution (Fig. 3.9).
In Smoky Cape, rounded upright F3 mesoscopic folds are oriented NW-SE, i.e., approximately 
normal to the mesoscopic F2 folds. Superposition of these F3 folds and the F2 upright 
folds (see section 3.5.2) forms mesoscale domes-and-basins interference patterns.
Figure 3.10. Penetrative structural fabrics from the Nambucca Block. (a) Spaced S2 cleavage in 
an overturned sandstone bed close to the hinge of a recumbent fold in Smoky Cape. (b) Vertical S1 
crenulations within horizontal S2 microlithons (Wenona Heads). (c) Overprinting relationships between 
S2 (black), S3 (yellow), and S4 (red) at Nambucca Heads. (d) Interference patterns of F3 and F4 folds 
forming domes-and-basins structures (Valla Beach). The diameters of the coin and hand lens are 25 
mm and 21 mm, respectively.
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~ 100 m
SE NW
Figure 3.11. (top) Panoramic view of the central recumbent fold at Smoky Cape and (bottom) traces of 
observed bedding.
3.5.4. FOURTH GENERATION OF FOLDING (F4)
The fourth generation of folds (F4) forms ~NE-SW striking, moderately inclined axial 
surfaces and crenulation cleavage planes (S4) that vary spatially in intensity and 
orientation (Figs. 3.2-3.5, 3.8b, and 3.10c). The folds are tight to isoclinal with rounded 
to angular hinges. The S4 fabric seems to be more developed in S3 microlithons and 
in areas where the expression of the F3 phase is lower strain. Mesoscopic domes-
and-basins interference patterns of F3 and F4 were locally observed (Fig. 3.10d). The 
relative orientations of F3 and F4 vary from close to right angles to subparallel (Figs. 
3.3-3.5). The resemblance in intensity and orientation between F3 and F4 makes it 
difficult to distinguish between them, unless both structural fabrics are recognised in 
the same outcrop with S4 overprinting S3.
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Figure 3.12. The northern recumbent fold at 
Smoky Cape overlying a décollement. Hammer is 
27 cm long.
Figure 3.13. Mesoscopic F1 open folds at Grassy 
Head, exhibiting steeply inclined east-west striking 
axial surfaces. Yellow lines highlight observed 
traces of bedding.
3.5.5. 40Ar/39Ar GEOCHRONOLOGY
In order to further constrain the timing of 
deformation in the Nambucca Block, we 
conducted 40Ar/39Ar geochronology on 
muscovite from a mica-quartz slate from 
Nambucca Heads (sample NE1034, see 
location in Fig. 3.5). The sample exhibits 
well-developed crenulated S2 and S3 
orientation domains (Fig. 3.9), with the S3 
domains characterised by black pressure 
solution seams that possibly contain 
remnants of crenulated S2. The S2 and 
S3 domains were micro-drilled, and two 
microsamples were extracted from each 
domain. After crushing the microsamples 
in a percussion mill and washing them in 
distilled water and absolute ethanol, we 
used a binocular microscope to select 
~2 mm muscovite-quartz aggregates 
from S2 (NE1034-1 and NE1034-4) and 
muscovite-oxide aggregates from the 
S3 domains (NE1034-2 and NE1034-5). 
The selected aggregates were loaded 
into a 21-pit aluminium disk following 
the geometry described in Vasconcelos 
et al. (2002). The disk was closed by an 
aluminium lid and wrapped in aluminium 
foil and vacuum heat sealed in quartz 
vials. The samples were then irradiated 
for 14 h at the B-1 CLICIT facility, TRIGA 
reactor, Oregon State University, USA. 
40Ar/39Ar analysis was conducted at 
the University of Queensland Argon 
Geochronology lab in the Earth 
Sciences (UQ-AGES) laboratory by a 
laser incremental heating, following the 
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procedures detailed in Vasconcelos et al. (2002). Two aggregates were analysed 
for each sample. Analytical results are shown in Figure 3.14 and Digital Appendix 1. 
Plateaus were defined as a sequence of three or more steps, which correspond to at 
least 50% of the total 39Ar released and with age values that are within 2σ from the 
mean calculated value (weighting with inverse variance) (Fleck et al., 1977). Plateau 
age errors are reported at the 95% confidence level (2σ) and include the errors in 
the irradiation correction factors and the error in J, but do not include the uncertainty 
in the potassium decay constants. If a sample does not reach a plateau as defined 
above (e.g., either the amount of gas is <50% or the contiguous steps are not within 
2σ error) but yield ages that form a flat segment in the incremental heating spectrum, 
we calculate pseudo plateau ages (marked with *) for the flat segment. All samples 
from Nambucca Heads yielded ascending spectra that reach plateau or plateau-like 
segments at high temperatures, and the defined ages illustrated in Figure 3.14. An 
integrated age calculated by combining the results from all incremental heating age 
steps is also reported for each aggregate (Fig. 3.14).
The two aggregates from NE1034-1 (S2 cleavage zone) yield two concordant plateau 
and plateau-like ages of 269 ± 2 Ma and 272 ± 4 Ma (Fig. 3.14a, and b), which are 
compatible with the age of 267 ± 2 Ma from a probability density plot (Fig. 3.14c) and 
the inverse isochron age of 269.0 ± 2.0 Ma (Fig. 3.14d). The other sample (NE1034-4) 
from the S2 cleavage zone yields two slightly older plateau-like ages at 273 ± 4 Ma and 
275 ± 2 Ma (Fig. 3.14e, and f), also compatible with the age defined by a probability 
density plot (275.3 ± 1.9 Ma; Fig. 3.14g) and the inverse isochron age (275.1 ± 2.0 
Ma; Fig. 3.14h). The older apparent ages (e.g., steps C and D in Fig. 3.14i) possibly 
represent 39Ar recoil or excess argon, as indicated by the deviation in the isochron age 
for these steps (e.g., Fig. 3.14l).
Samples from the S3 cleavage domains show an age range that overlaps with the ages 
from S2 cleavage domains. NE1034-2 yields two plateau-like ages of 268 ± 3 Ma and 
268.9 ± 2.0 Ma (Fig. 3.14i, and j), which are in agreement with the age of 268.2 ± 1.7 
Ma from a probability density plot (Fig. 3.14k) and the inverse isochron age of 268.8 
± 1.8 Ma (Fig. 3.14l). Two aggregates from NE1034-5 yield plateau-like ages of 265.4 
± 1.7 Ma and 268.9 ± 2.0 Ma (Fig. 3.14m, and n), which again overlap with the age of 
265.1 ± 1.6 Ma from the probability density plot (Fig. 3.14o).
39
Chapter 3
40
Chapter 3
Figure 3.14. 40Ar/39Ar step heating results from 
Nambucca Heads, including incremental heating 
spectra, ideograms (age probability density plots), and 
40Ar/39Ar versus 36Ar/40Ar isotope correlation diagrams 
(inverse isochrones). The ideograms reflect the 
statistically most valid age for the entire population of 
apparent age steps in the incremental heating spectra 
obtained for the two grains analysed from each sample. 
(a-d) Sample NE1034-1 from an S2 cleavage domain. 
(e-h) Sample NE1034-4 from an S2 cleavage domain. 
(i-l) Sample NE1034-2 from an S3 cleavage domain. 
(m-o) Sample NE1034-5 from an S3 cleavage domain. 
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3.6. DISCUSSION
3.6.1. INTERPRETATION OF THE 40Ar/39Ar RESULTS
Rocks in the Nambucca Block, including the dated sample from Nambucca Heads, 
were subjected to low-greenschist facies metamorphic conditions with temperatures 
that did not exceed 350 °C (Offler and Brim, 1994). This temperature is below the 
closing temperature of muscovite grains with a radius of 100 μm (Harrison et al., 
2009). In contrast, at higher temperatures, syn-deformation mica develops above its 
closure temperature, meaning that it is the cooling of the system that is represented 
in the 40Ar/39Ar ages. Accordingly, we interpret the 40Ar/39Ar ages for our samples as 
representing the timing of deformation, rather than cooling ages. 
The samples analysed by 40Ar/39Ar were extracted from S2 and S3 domains, but whether 
or not they record the timing of these two deformation phases is an open question. 
The development of crenulation cleavage, assisted by pressure solution, may involve 
reorientation of pre-existing grains with or without new mica growth (e.g., Gray, 1977; 
Mancktelow, 1979). Microstructural observations and EDS analyses of the dated 
sample (Fig. 3.9) show that muscovite grains from both S3 and the S2 are chemically 
indistinguishable and are progressively rotated toward the orientation of the younger 
fabric element (S3). It seems, therefore, that the development of the S3 crenulation 
cleavage did not involve new mica growth. This may explain the overlapping ages 
that we obtained from the S2 and S3 cleavage domains (~275–267 Ma and ~268–
265 Ma, respectively). Alternatively, it is possible that minor growth occurred during 
the development of the S3 fabric and that the 1–2 mm sample analysed contained 
mica grains from both S2 and S3 fabrics. An additional option is that the 
40Ar/39Ar ages 
accurately constrain the timing of F2 and F3 deformation, meaning that both phases 
of deformation occurred during a relatively short period that is within the error of the 
40Ar/39Ar technique. Given the fact that we did not clearly observe new mica growth in 
the S3 fabric, we prefer the first option, which implies that our 40Ar/39Ar results constrain 
the timing of the F2 deformation, temporally placing it at 275–265 Ma.
Three additional 40Ar/39Ar plateau ages of S1/S2 fabric were reported previously from 
other areas in the Nambucca Block (Offler and Foster, 2008). However, the reported 
ages of 264.2 ± 1.2 Ma, 261.7 ± 2.4 Ma and 260 ± 2.2 Ma were calculated based on an 
age of 97.9 Ma for the neutron fluence monitor GA-1550 biotite standard. Recalculating 
these ages using the more recently proposed age of this standard (98.79 ± 0.96 Ma; 
Renne et al., 1998) yield ages of 266.5 ± 1.2 Ma, 264.0 ± 2.4 Ma and 262.5 ± 2.2 Ma. 
These ages overlap with the youngest results obtained in the present study.
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3.6.2. STRUCTURAL HISTORY OF THE NAMBUCCA BLOCK
Deformation in the Nambucca Block involved four generations of structures (Fig. 3.2). 
The first generation of folds (F1) exhibits mesoscopic and microscopic deformation that 
indicates horizontal N-S shortening. Based on the mesoscopic folds, Johnston et al. 
(2002) provided a minimum estimate of 16% for the amount of shortening. However, 
the evidence for a strong ductile fabric dominated by quartz-mica domains (Fig. 3.10b) 
suggests that, at least locally, shortening strain was considerably higher (>30%, e.g., 
Ghassemi et al., 2010). Structures associated with this phase of deformation are best 
preserved in the central coastal outcrops of the block and in F2 microlithons in the 
northern part of the block (Figs. 3.2, 3.8b, and 3.13).
A second phase of folding (F2) was responsible for the development of the dominant 
fabric in the Nambucca Block and for mesoscopic structures in the southern outcrops. 
The F2 structures consist of a penetrative foliation and varying scales of folds with 
sub-horizontal to gently inclined axial surfaces that represent vertical flattening and 
SE-NW contraction (Figs. 3.2, 3.8a,b, and 3.11). The attitude of the S2 axial surfaces is 
approximately parallel to the general trend of bedding within the Nambucca Block, with 
both planar features subhorizontal to gently dipping (< 30°) toward the northwest. This 
phase of deformation is also associated with ~E-W stretching lineations. 40Ar/39Ar ages 
constrain the timing of this deformation phase to 275–265 Ma.
The third phase of folding (F3) formed mesoscopic open folds and spaced cleavage 
planes. It represents a milder deformation intensity of an ESE-WNW contraction. 
Similarly, the fourth phase (F4) exhibits incipient spaced cleavage that represents a 
milder deformation intensity associated with SE-NW contraction (Figs. 3.8b, and 3.10c).
3.6.3. CONSTRAINTS ON OROCLINAL BENDING
The Nambucca succession was deposited and deformed in the Early Permian, 
simultaneously with the development of the New England oroclines (Rosenbaum et al., 
2012; Shaanan et al., in press). Its tectonic history, therefore, may provide information 
on the origin of the oroclines. While the origin and geodynamics of the oroclines remain 
unresolved, we attempt in the following paragraphs, to propose possible scenarios that 
are consistent with our results and other spatiotemporal constraints (Fig. 3.15). 
Extensional deformation commenced in eastern Australia at ~300 Ma and was 
responsible for the formation of rift basins west of the New England Orogen (Sydney-
Gunnedah-Bowen Basin System), accompanied by the emplacement of voluminous 
S-type granitoids and high-temperature metamorphism in the Tablelands Complex 
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(Holcombe et al., 1997b; Korsch et al., 2009b; Cawood et al., 2011a; Craven et al., 
2012; Rosenbaum et al., 2012). The maximum age of deposition of the rift-related 
Nambucca succession (Asthana and Leitch, 1985; Leitch, 1988) is constrained to 
292.6 ± 2.0 Ma based on the age of the Halls Peak Volcanics (Fig. 3.1c), which occur 
at the base of the succession (Cawood et al., 2011a). This age is in agreement with 
Early Permian range of ages (299 Ma to 285 Ma) of the youngest populations of detrital 
zircon from the Nambucca Block (Adams et al., 2013, Shaanan et al., 2015).
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Figure 3.15. Schematic tectonic reconstruction showing possible stages in the evolution of the New 
England oroclines. (a) An early stage of oroclinal bending accompanied by the formation of Early Permian 
rift basins, possibly associated with trench retreat. (b) Dextral transpression and ~N-S contraction 
leading to the development of the S1 structural fabric in the Nambucca Block. (c) Tightening of the 
oroclinal structure involving recumbent folding, possibly in response to enhanced coupling at the plate 
boundary. Abbreviations: Bo – Bowen Basin; CH – Coffs Harbour; Gu – Gunnedah Basin; H – Hastings 
Block; Na – Nambucca Block; Sy – Sydney Basin.
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The fact that extensional tectonism was accompanied by crustal melting and high-
temperature metamorphism indicates that extension most likely occurred in a subduction 
zone backarc, which is typically a hot tectonic environment (Hyndman et al., 2005). 
These conditions could have been generated by an eastward trench retreat (Jenkins et 
al., 2002), which may have placed the former (Devonian-Carboniferous) forearc region 
in an extensional backarc setting. Following the suggestion of Rosenbaum et al. (2012) 
and Li et al. (2012a), we propose that an initial curvature of the plate boundary was 
obtained during extension, due to along-strike variations in the rates of trench retreat 
(Fig. 3.15a). Similar processes are well known in modern environments, such as the 
Mediterranean and southwest Pacific (Schellart et al., 2002; Rosenbaum and Lister, 
2004; Rosenbaum and Mo, 2011). In the New England oroclines, the initial extension-
related curvature was most pronounced in the northernmost and southernmost parts of 
the structure. The widening of the Bowen Basin toward the north implies progressively 
higher rates of trench retreat in the northernmost part of the structure, which gave 
rise to the precursor of the Texas-Coffs Harbour oroclines (Li et al., 2012a). In the 
southernmost New England Orogen, we suggest that the Sydney and Barnard (i.e., 
Nambucca) basins formed as extensional backarc basins during northeastward trench 
retreat and associated counterclockwise rotations (Geeve et al., 2002). 
It is unknown when exactly extensional deformation terminated. However, from 288 Ma 
to 265 Ma, the volume of magmatism in the southern New England Orogen decreased 
substantially, with only minor record of magmatic activity at 280–270 Ma (Cawood et 
al., 2011a; Rosenbaum et al., 2012; Shaanan et al., in press). A number of authors 
have suggested that during this period, subduction processes ceased and that the 
plate boundary was controlled by dextral wrench faulting (Li and Powell, 2001; Offler 
and Foster, 2008; Veevers, 2013). We adopt this interpretation to account for the 
second stage of oroclinal bending in the Texas-Coffs Harbour Oroclines and for the 
~N-S contractional deformation (F1) in the Nambucca Block (Fig. 3.15b). 
The second contractional phase in the Nambucca Block (F2) occurred at 275–265 
Ma, and it involved recumbent folding and associated subhorizontal to gently inclined 
penetrative foliation. The tectonic origin of this deformation is poorly constrained. 
However, the pronounced change in the orientation of folding in comparison to the 
previous deformation phase (F1) may suggest that contractional deformation was 
triggered by enhanced coupling at the plate boundary (Fig. 3.15c). There is only little 
amount of magmatic rocks from this period, but the occurrence of slab-breakoff-related 
volcanic rocks may suggest that the transition to enhanced plate coupling involved plate 
boundary reorganisation (Caprarelli and Leitch, 2001; Li et al., 2014). Nevertheless, 
further constraints are required to support this hypothesis.
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The youngest contractional phases observed in the Nambucca Block (F3 and F4) are 
generally indicative of ~E-W contraction. This shortening orientation corresponds to 
other younger (265–230 Ma) deformational features throughout the New England 
Orogen (Hunter-Bowen phase; Collins, 1991; Holcombe et al., 1997b; Li et al., 2012b; 
Shaanan et al., in press), which have likely amplified and tightened the oroclinal structure.
3.7. CONCLUSIONS
Four deformation phases were recognised in the Nambucca Block. The style, 
orientations, and temporal relationships between these structures are in general 
agreement with previously described observations from the central coastal outcrops of 
the Nambucca Block (Leitch, 1978; Johnston et al., 2002). The timing of deformation 
of the second phase (F2) is constrained by 
40Ar/39Ar geochronology to 275–265 Ma, 
consistently with recalculated published 40Ar/39Ar ages (Offler and Foster, 2008). 
The timing of deformation overlaps with the timing of oroclinal bending, suggesting 
a genetic relationship between each other. We propose that the development of the 
Nambucca Block during a period of extensional tectonism in response to trench retreat 
was accompanied by the initial oroclinal bending, which was possibly associated with 
along-strike variation in the rates of trench retreat. Subsequent deformation led to the 
development of F1 and F2 structural fabrics in the Nambucca Block, with the former 
involving ~N-S contraction between the Coffs Harbour Block and the Hastings Block, 
possibly in response to the dextral transpression, and the latter, associated with ~ 
SE-NW contraction that was responsible for tightening the oroclinal structure. Our 
constraints do not fully explain the geodynamic origin of the New England oroclines, 
but they provide new insights into the style and timing associated with their formation 
and a possible explanation for the opposite vergence of the northern and southern 
parts of the structure.
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This chapter was published in Geological Society of America Bulletin (2015) as:
Provenance of the Early Permian Nambucca Block (eastern 
Australia) and implications for the role of trench retreat in 
accretionary orogens
Shaanan, U., Rosenbaum, G., and Wormald, R.
4.1. ABSTRACT
The New England Orogen of eastern Australia is characterised by tight orogenic 
curvatures (oroclines). Oroclinal bending commenced in the Early Permian during a 
period of extension that involved crustal melting, widespread emplacement of S-type 
granitoids, high-temperature metamorphism, exhumation of metamorphic complexes, 
extensional faulting, and development of rift basins. One of these basins is the Early 
Permian Nambucca block, which is situated in the “core” of the oroclinal structure, but 
its origin and time of deposition are poorly constrained. Here, we present new U-Pb 
ages of detrital zircons from the Nambucca block, which include age populations as 
young as 299 and 285 Ma, confirming the Early Permian deposition of the succession. 
Additional Devonian-Carboniferous and Precambrian ages indicate that detritus was 
mainly derived from the New England subduction complex and cratonic Gondwana. The 
range of ages suggests that the Nambucca Basin received detritus from both arc and 
continent and that deposition occurred in a backarc setting. Given the coeval formation 
of the Nambucca Basin and the New England oroclines, we propose that this backarc 
extensional basin was controlled by trench retreat, which resulted in “Mediterranean-
style” orogenic curvatures along the plate boundary of eastern Gondwana. The 
recognition of a genetic link between oroclinal bending and backarc extension may 
explain how accretionary orogens, such as the eastern Australian Tasmanides, were 
able to obtain an anomalous width without a substantial contribution of accreted exotic 
terranes. A similar mode of tectonism may have played an important role in other 
accretionary orogens.
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4.2. INTRODUCTION
The east Australian southern New England Orogen forms a tightly curved orogenic 
structure (hereafter referred to as orocline; Fig. 4.1), but the geodynamic processes 
responsible for its formation are still unclear. Oroclinal bending took place during 
the Early Permian (Rosenbaum et al., 2012; Shaanan et al., in press) and affected 
Devonian-Carboniferous subduction-related rocks that were supposedly subjected to 
rotations and translations (Cawood et al., 2011b).
Constraints on the timing of oroclinal bending indicate that the oroclines started to 
form in the Early Permian, during a period of crustal extension (Cawood et al., 2011a; 
Rosenbaum et al., 2012; Li et al., 2014). Simultaneously, rift-related sedimentary 
basins (Sydney-Gunnedah-Bowen Basin System) were developed along the eastern 
Australian margin, overlying the rocks of the New England Orogen and bounding the 
orogen to the west (Fig. 4.1; Day et al., 1978; Fielding et al., 2001; Korsch et al., 
2009b). The origin of these basins has been attributed to extension associated with a 
retreating west-dipping subduction zone (Jenkins et al., 2002; Korsch et al., 2009b).
Early Permian sedimentary successions in the southern New England Orogen are not 
restricted to the Sydney-Gunnedah-Bowen Basin System, but occur also in a number 
of blocks farther east (Fig. 4.1b; Leitch, 1988). Out of these, the Nambucca Block is 
the most extensive exposure of Early Permian rocks within the southern New England 
Orogen. It is situated in the “core” of the oroclinal structure (Fig. 4.1b), which must have 
been closer to the plate boundary of eastern Gondwana during the Permian. Recently 
published U-Pb detrital zircon ages from two samples from the Nambucca Block 
(Adams et al., 2013) are consistent with the Early Permian age of this succession, 
but the tectonic provenance and geodynamic setting associated with this basin are 
still poorly constrained. Open questions include why this sedimentary succession is 
positioned farther east relative to the other Early Permian basins, and whether its origin 
is related to the process of oroclinal bending. Specifically, it is still unclear whether 
the sedimentary succession of the Nambucca Block was deposited in a forearc or a 
backarc tectonic setting.
In this work, we used detrital zircon geochronology to validate and further constrain 
the time of deposition of the Nambucca Block and to elucidate its provenance and 
depositional tectonic environment (e.g., Cawood et al., 2012). We examined evidence 
for Early Permian extension along the eastern Gondwanan margins, and we argue that 
subduction rollback was the primary mechanism that gave rise to simultaneous rifting 
in the Nambucca Basin and oroclinal bending. These results shed a new light on the 
Phanerozoic geodynamics of the circum-Pacific and the way we understand the origin 
of accretionary orogens in general.
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Figure 4.1. East Australia and the southern New England Orogen. (a) Tectonic map of east Australia 
showing the boundary between Precambrian cratonic Australia and the Tasmanides (modified from Glen, 
2005; Cawood and Korsch, 2008). (b) Geological map of the southern New England Orogen and its 
oroclinal structure. The locations of the Nambucca Block and sampling sites are shown. Abbreviations: 
Dy – Dyamberin Block, HPv – Halls Peak Volcanics, Ma – Manning Basin; QLD – Queensland; NWS – 
New South Wales.
4.3. GEOLOGICAL SETTING
Eastern Australia consists of a collage of Paleozoic orogenic belts, the youngest of 
which is the New England Orogen (Fig. 4.1a; Leitch, 1975b; Cawood, 2005; Glen, 
2005). The geology of the southern part of the New England Orogen is dominated 
by Devonian-Carboniferous forearc basin (Tamworth belt) and accretionary complex 
(Tablelands complex) rocks, which form a series of oroclines (Fig. 4.1b). The oroclines 
are recognised by (1) the curvature of structural fabrics within the Tablelands complex 
(Lennox and Flood, 1997; Korsch, 1981; Li et al., 2012a; Li and Rosenbaum, 2014); 
(2) the pattern of magnetic fabrics (Aubourg et al., 2004; Mochales et al., 2014); (3) the 
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curved spatial distribution of Early Permian granitoids (Rosenbaum et al., 2012); (4) 
and the curvature of early Paleozoic serpentinites that follow the contact between the 
Tamworth belt and the Tablelands complex (Korsch and Harrington, 1987; Rosenbaum, 
2012). The oroclinal structure is composed of a Z-shaped northern segment (Texas and 
Coffs Harbour oroclines; Korsch and Harrington, 1987; Lennox and Flood, 1997; Li et al., 
2012a; Murray et al., 1987; Offler and Foster, 2008), and a more controversial S-shaped 
southern segment (Manning and Nambucca oroclines; Cawood et al., 2011b; Glen and 
Roberts, 2012; Rosenbaum, 2012; Rosenbaum et al., 2012; Li and Rosenbaum, 2014).
The Devonian-Carboniferous forearc-related rocks of the southern New England 
Orogen are intruded by a belt of Early Permian (298–288 Ma), mostly S-type, granitoids 
(Shaw and Flood, 1981; Cawood et al., 2011a; Rosenbaum et al., 2012). This magmatic 
belt is curved parallel to the shape of the oroclines (Fig. 4.1b), indicating that oroclinal 
bending occurred during or after the emplacement of the granitoids (Rosenbaum et al., 
2012). Paleomagnetic data, indicate that block rotations in the southern part of the structure 
(i.e., oroclinal bending) were concluded prior to ~272 Ma (Shaanan et al., in press).
Early Permian sedimentary basins (Sydney-Gunnedah-Bowen Basin System) 
predominantly occur west of the New England Orogen, covering the boundary 
between the New England Orogen and older components of the Tasmanides (Fig. 
4.1a; Veevers et al., 1994; Holcombe et al., 1997a; Fielding et al., 2001; Korsch et 
al., 2009b). Early Permian sedimentary successions also occur within the oroclinal 
structure in several isolated exposures (Leitch, 1988), unconformably overlying the 
Devonian-Carboniferous subduction complex (Olgers and Flood, 1970; Allan and 
Leitch, 1990). These Early Permian successions include the Nambucca Block, which 
is situated between the Coffs Harbour and Nambucca oroclines (Fig. 4.1b), as well 
as a number of smaller blocks (Dyamberin Block, Manning Group, and Early Permian 
basins in the vicinity of the Texas orocline; Fig. 4.1b) that mainly consist of sandstones 
and diamictites (Vickers and Aitchison, 1993; Donchak et al., 2007).
Rocks in the Nambucca Block mainly include fluvial to shallow marine sedimentary 
clastic lithologies of varying grain sizes, with few interbedded volcanic rocks. The 
thickness of the sequence was estimated by Leitch (1975a, 1978) as at least 5 km, with 
bedding generally moderately dipping to the northwest (Shaanan et al., 2014). There is 
a general trend of fining-up sequence (toward the northwest), with conglomerates and 
sandstones dominating the southeastern part of the block (e.g., Fig. 4.2b), and pelitic 
rocks (e.g., Fig. 4.2a) dominating the northwestern part (Shaanan et al., 2014).
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Figure 4.2. Photomicrographs from the Nambucca Block (see location on Fig. 4.1; Table 4.1). (a) 
Photomicrograph (cross-polarised light) of a slate from Bundagen Headlands (sample 007_SH_BU) showing 
microscopic subhorizontal quartz-mica S2 fabric and pressure-solution seams truncating a quartz vein. (b) 
Photomicrograph (plane-polarised light) of lithic sandstone from Smoky Cape (sample 019_SH_SM).
The sequence of the Nambucca Block was subjected to regional prehnite-pumpellyite 
to greenschist-facies metamorphism (Leitch, 1975a, 1978; Leitch and McDougall, 
1979). Peak temperature conditions were estimated to be less than 350 °C (Offler 
and Brime, 1994). The rocks show evidence for four generations of folding, with fold 
superposition and structural fabric overprinting relationships locally recognised (Leitch, 
1978; Johnston et al., 2002; Shaanan et al., 2014).
The exact timing of sedimentation of the Nambucca succession is not well constrained, 
but 40Ar/39Ar deformation ages of 275–260 Ma for the second generation of folding 
provide a minimum age constraint for deposition (Offler and Foster, 2008; Shaanan et 
al., 2014). The maximum age of deposition is constrained by the youngest populations 
of zircon ages (297 ± 6 Ma [n = 5] and 293 ± 7 Ma [n = 8]) from two samples from the 
Nambucca Block (Adams et al., 2013). These reported ages are in agreement with a 
U-Pb sensitive high-resolution ion microprobe (SHRIMP) age of 292.6 ± 2.0 Ma from 
a dacite from the base of the sequence (Halls Peak volcanics; Fig. 4.1b; Cawood et 
al., 2011a). The sedimentary basin is therefore likely younger than ca. 292 Ma and 
older than 275 Ma, but further geochronological investigation is required in order to 
determine a robust maximum depositional age and to establish the tectonic setting 
during sedimentation.
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4.4. METHODS
4.4.1. SAMPLE PREPARATION
In order to better understand the timing of deposition and provenance of the Nambucca 
Block, zircon crystals were extracted and dated. Slate and sandstone samples (Fig. 
4.2) of ~3 kg each were crushed using a Rocklabs splitter and plate crusher, followed 
by a Retsch-DM200 disc mill to isolate the <500 μm portion. A final sieve was used to 
remove larger grains, leaving most zircons detached. Heavy mineral separates were 
obtained using a Wilfley table (RP-4 shaker table), followed by the removal of magnetic 
materials using a hand magnet and a Frantz magnetic separator (model L-1) set at a 
low magnetic field. The nonmagnetic materials were put in lithium heteropolytungstate 
(LST) heavy liquid to obtain the heavier fraction. The heavy fraction was then put again 
through the magnetic separator. Finally, full and unbiased handpicking was achieved 
by selection of all zircon crystals from the separates using a binocular microscope.
A cluster of 60 concordant ages is thought to generate a detrital age spectrum in which 
the likelihood of overlooking a significant age component is under 5% (Carson et al., 
2009; Fedo et al., 2003). In order to achieve sufficient concordant ages, 80–180 zircon 
crystals were separated from each sample. The zircon crystals were mounted in a 
25-mm-diameter mold with Struers Epofix resin and hardener. The mounted zircons 
were then polished using a Struers Roptopol-35 polisher with a PDM-force attachment 
and MDLargo polishing plates with 6, 3, and 1 μm Kemet diamond suspension.
The polished mounts were imaged using a Jeol JSM-5410LV scanning electron 
microscope with an attached cathodoluminescence detector that can help in identifying 
and documenting zonational domains and inherited cores within crystal grains (Fig. 
4.3). All separated zircon crystals were mounted, and all datable grains were analysed. 
Crystals that contained abundant inclusions, potentially common Pb-“contaminated” 
cracks, or that had insufficient sampling material, were excluded from the analysis.
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Figure 4.3. Scanning electron microscope cathodoluminescence images of zircon crystals from the 
Nambucca Block (sample 031_SH_AK). Circles mark laser beam sampling sites (either 32 μm or 24 μm in 
diameter) and analysis numbers. Black crosses are crystal axes used for classifying the zircon morphology.
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4.4.2. ANALYTICAL METHODS
U-Pb isotope compositions were obtained in a He ablation atmosphere using a 
GeoLas 200 Excimer laser ablation system, with inductively coupled plasma-mass 
spectrometer (LA-ICP-MS; Varian 820-MS) at the Advanced Analytical Centre of 
James Cook University. Analyses involved 30 s of background measurement (gas 
blank) followed by 35 s acquisition of U-Pb isotope data using either a 32 or 24 μm 
beam diameter. Laser beam diameter was uniformly applied throughout each session 
to all crystals, including zircon standards, to properly calibrate elemental fractionation. 
U-Pb fractionation was corrected using the GJ-1 as primary standard (thermal 
ionisation mass spectrometry [TIMS] 207Pb/206Pb age = 608.5 ± 0.4 Ma; Jackson et al., 
2004). Accuracy and fractionation were checked using two different secondary zircon 
standards that were acting as unknowns: FC-1 (TIMS 207Pb/206Pb age = 1099.0 ± 0.6 
Ma; Paces and Miller, 1993) and Temora-2 (TIMS 206Pb/238U age = 416.78 ± 0.33 Ma; 
Black et al., 2004). The LA-ICP-MS age of Temora-2 was noted to be lower (411.8 ± 
2.1 Ma) than the TIMS age due to a matrix effect (Black et al., 2004).
Data were processed using the Glitter Software version 4.4.3 (Jackson et al., 2004), 
and age calculations were made using the Isoplot 3.7 toolkit on Microsoft Excel (Ludwig, 
2003). In order to quantitatively evaluate secondary standard age variations and obtain 
the most reliable results, data were exported from Glitter with primary standards set 
both as averaged values and linear fit to ratio, separately. Subsequently, all data sets 
were used as linear fit between primary standards. The reported average ages for 
FC-1 and Temora-2 are: 1111.39 ± 23.29 Ma (207Pb/206Pb, n = 131) and 408.79 ± 4.0 
Ma (206Pb/238U, n = 142), respectively (see also Digital Appendix 2). Most analyses from 
the standards were found to be within 1.1% and 2.4% of the expected ages of FC-1 
and Temora-2, respectively. Analyses with significant discordance (>10%), and those 
with elevated common Pb, where 206Pb/204Pb (background corrected) was <1000, 
were excluded from the study. Ages are reported using 207Pb/206Pb for isotopic ratios 
that appear to be older than 900 Ma, and 206Pb/238U for younger ones, as suggested 
by Gehrels (2011). U and Th concentrations were measured using the NIST 612 
glass standard, in conjunction with internal standardisation using the stoichiometric 
abundance of Si in zircon (i.e., 32.8%).
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4.5. RESULTS
Six samples for detrital zircon geochronology were acquired from across the Nambucca 
Block (for sampling sites, see Table 4.1, and Fig. 4.1b). Dated samples included 
coarser lithologies (Fig. 4.2b) from the southeastern exposures of the Nambucca 
Block, and finer pelitic rocks (Fig. 4.2a) from the northwestern part of the block. In total, 
452 concordant analyses (discordance <10%) were gained from 600 analyses of 596 
individual crystals. Results are presented in Figures 4.4-4.6 and in Digital Appendix 2.
Figure 4.4. Count, proportions, and morphological 
classification of detrital zircons from the Nambucca 
Block, plotted according to their distribution in 
geological times (time scale after Cohen et al., 2013).
4.5.1. MORPHOLOGICAL CLASSIFICATION
Zircon crystals range from elongate euhedral to abraded and well-rounded 
morphologies. Their maximum length is 325 μm, and the mean apparent elongated axis 
is 108 μm. Under cathodoluminescence, most crystals exhibit well-defined oscillatory 
zoning, and some contain convolute 
zoning or absence of zoning (Fig. 4.3). 
In order to quantify and compare crystal 
morphologies, the roundness and 
sphericity were documented (Figs. 4.3, 
and 4.4), using a roundness scale of 
1 (anhedral) to 5 (prismatic euhedral), 
normalised to percentage (Fig. 4.4). The 
sphericity was calculated as the ratio of 
the apparent elongated axis of a crystal 
divided by the perpendicular axis (Fig. 
4.3). Since zircon is tetragonal with a = 
b < c, the axis perpendicular to c is an 
approximation of the second axis of the 
crystal. The value of the pre-normalised 
calculated sphericity divided by the crystal 
roundness was used to compare maturity 
of populations. As expected, we found a 
correlation between the U-Pb ages and 
the sphericity to roundness ratios, with 
averaged ratios lower than 1 (0.7–0.9) 
for Paleozoic zircons, and higher values 
(1.1–1.4) for Precambrian zircons (Fig. 4.4).
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4.5.2. AGE COMPONENTS AND YOUNGEST POPULATIONS
Detrital zircon age spectra from the different samples show a limited internal variability 
(Figs. 4.5, 4.6a, and 4.6b), suggesting that they represent a common provenance. The 
age distribution of the detrital zircons shows that the most prominent components are 
Carboniferous in age (45.4% of concordant analyses) with prominent peaks at 299 Ma 
(i.e., Carboniferous-Permian boundary), 329 Ma, and 349 Ma (Figs. 4.4, 4.6c, and d). 
Older ages are significantly less abundant, with 11.9% Devonian ages, 6.2% Silurian 
to Cambrian ages, 29.0% Proterozoic ages, and 2.7% Archean ages. The oldest zircon 
yielded a concordant Paleoarchean age of 3558.4 ± 16.8 Ma (0.9% discordance). The 
youngest ages are Early Permian, and the youngest population that is consistent for 
all samples is 299 Ma.
4.5.3. MAXIMUM AGE OF THE STRATIGRAPHIC SUCCESSION
The 250–500 Ma age spectra were calculated using a probability density plot, with 
the aim of determining the youngest population (Fig. 4.6d). For this analysis, following 
Dickinson and Gehrels (2009), we considered only zircon ages that appeared more 
than once in multiple samples, assuming that an individual nonrepetitive age most 
likely does not represent a geologically meaningful age. The youngest age population 
that reappears in all samples has a calculated mean average of 299.2 ± 1.4 Ma (n 
= 22; Fig. 4.6f). A less prominent and slightly younger reoccurring population has a 
calculated mean average of 285.5 ± 2.3 Ma (n = 7 from three different samples; Fig. 4.6e).
Sample name Lithology Sampling site
Coordinates
Lat (°S) Long (°E)
007_SH_BU Slate Bundagen Headlands 30°25’54.09” 153° 04’33.58”
019_SH_SM Lithic sandstone Smokey Cape 30°55’07.40” 153° 05’13.94”
031_SH_HA Microconglomerate Korogoro / Hat Head 31° 04’46.33” 153° 02’54.03”
053_SH_AK Slate Armidale Kempsy Rd 30°46’58.19” 152°24’48.20”
066_SH_DE Slate Billybyang Creek Rd 30°51’06.93” 152°38’25.78”
073_SH_NW Slate North Armidale Rd 30°37’21.35” 152°44’12.15”
Table 4.1. Sample information
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Figure 4.5. Relative probability plots (black) and histograms (gray) of concordant analyses vs. time (in 
Ma) for detrital zircon ages from the Nambucca Block. Insets are calculated populations for ages that 
are younger than 500 Ma. Location of the sampling sites is marked in Figure 4.1 and Table 4.1. 
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Figure 4.6. Cumulative proportions and age calculations of detrital zircon ages for samples from the 
Nambucca Block. Red lines represent the age spectra of all samples: (a) Cumulative proportion of all 
ages (n = 452). (b) Cumulative proportion of all ages that are under 500 Ma (n = 300). (c) Relative 
probability (red) and number of concordant analyses (blue) vs. time (in Ma) for all detrital zircon ages 
from the Nambucca Block (n = 452). (d) Relative probability vs. time (in Ma) for all detrital zircon ages 
that are under 500 Ma for each sample and for the collective analyses (n = 300). (e) Calculated mean 
weighted age of the youngest detrital zircon population (n = 7). (f) Calculated mean weighted age of the 
youngest detrital zircon population that appears in all samples (n = 22). (g) Cumulative proportion curves 
of the difference between crystallisation and inferred deposition ages of zircon crystals from different 
sedimentary packages in various tectonic settings (after Cawood et al., 2012).
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4.6. DISCUSSION 
4.6.1. TIME OF DEPOSITION OF THE SEQUENCE IN THE NAMBUCCA BLOCK
The pronounced peak at 299.2 ± 1.4 Ma (Fig. 4.6d, and f) implies that deposition 
must have been younger than this age. Furthermore, the occurrence of zircon ages 
of 285.5 ± 2.3 Ma (Fig. 4.6d-e) may indicate that parts of the succession are younger 
than 285 Ma. However, given the low number of dated zircons showing this age (n = 7) 
and their appearance in only half of the samples, this younger age cannot be used to 
confidently constrain the time of deposition of the entire basin. Early Permian deposition 
is consistent with the previously suggested age of the Nambucca succession (Leitch, 
1978, 1988; Leitch and McDougall, 1979; Adams et al., 2013). The youngest zircon 
populations (ca. 299 and ca. 285 Ma) were possibly derived from a magmatic source 
(Cawood et al., 2011a; Rosenbaum et al., 2012), and it is likely that sedimentation 
occurred contemporaneously or shortly after magmatism, as commonly observed in 
convergent margin sedimentary basins (Cawood et al., 1999, 2012; Dickinson and 
Gehrels, 2009; Jeon et al., 2012). These constraints are consistent with published 
U-Pb geochronological data from the Halls Peak volcanics (292.6 ± 2.0 Ma; Cawood et 
al., 2011a), which occur at the base of the Nambucca succession and may correspond 
to early stages in the basin formation.
While the youngest zircon age populations from the Nambucca Block provide information 
on the maximum age of deposition, constraints on the minimum age of deposition 
are available from geochronological data on the timing of deformation. The 40Ar/39Ar 
geochronology of muscovite from Nambucca Heads yielded ages of 275–265 Ma for 
the second phase of deformation (Shaanan et al., 2014), indicating that the deformed 
rocks must be older than this age. Considering that this minimum age constraint 
represents a second generation of deformation, and that sedimentation likely occurred 
during or shortly after Early Permian magmatism (298–288 Ma; Cawood et al., 2011a; 
Rosenbaum et al., 2012), we suggest that the bulk of the Nambucca succession was 
deposited before 280 Ma. A similar age has been proposed for the termination of 
extension in the Early Permian rift system of eastern Australia (Sydney-Gunnedah-
Bowen Basin System) and the transition to passive thermal subsidence (Korsch and 
Totterdell, 2009; Korsch et al., 2009b).
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4.6.2. PROVENANCE OF THE NAMBUCCA BLOCK
Our results show similar spectra of detrital zircon ages for samples taken from different 
lithologies and localities across the Nambucca Block (Figs. 4.5, and 4.6a, and b). All 
samples show a wide distribution of crystal morphologies and ages (Fig. 4.4), thus 
indicating a common polymictic provenance of a single basin.
The morphological maturity of detrital zircon crystals (sphericity and roundness) is 
attributed mainly to mechanical abrasion during transportation (Morton and Hallsworth, 
1999), and can thus be used as a proxy for the proximity of magmatic sources to the basin. 
The morphology of the analysed zircon crystals, as summarised in Figure 4.4, shows 
that maturity increases with age. The observed variations in the morphological maturity 
suggest (1) that the Permian detritus (4.9%) was derived directly from a magmatic 
source; (2) that the rest of the Paleozoic detritus (63.5%) was mostly derived from 
recycled sedimentary rocks, which included the Devonian-Carboniferous subduction 
complex of the New England Orogen; and (3) that the Precambrian components are 
likely to have been sourced from cratonic Gondwana and then recycled through several 
sedimentary and/or magmatic cycles. The large component of Precambrian zircons 
(31.6%) is consistent with deposition of the sequence at the margins of Gondwana, 
rather than in a more isolated position that was later accreted to the continent, as was 
shown, for example, for the Torlesse and Waipapa arc-trench terranes in New Zealand 
(Cawood et al., 1999).
The age spectra of detrital zircons from sedimentary packages can reflect the tectonic 
setting of the basin in which they were deposited (Cawood et al., 2012). Figure 4.6g 
shows the combined cumulative proportion curve with the general tectonic fields, as 
proposed by Cawood et al. (2012). In this diagram, all ages are relative and plotted 
after subtraction of the inferred deposition age of the sequences, hence reflecting the 
time span from crystallisation to deposition. This approach enables us to compare the 
given spectra with other samples of different ages from various tectonic settings. The 
comparison indicates that the sequence of the Nambucca Block is well within the range 
that is typical for convergent settings, with a large proportion of zircon ages close to the 
depositional age of the sediment (Fig. 4.6a, c, and g).
Further examination of the differences in spectra of relative ages between samples 
from the eastern Australian convergent margin and the Nambucca Block shows 
different correlations for the younger and older ranges of ages (Fig. 4.6g). The younger 
range of ages from the Nambucca succession shows high similarity with a data set 
of the Devonian-Carboniferous forearc basin (e.g., Korsch et al., 2009a; Hoy et al., 
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2014) and with data from volcanogenic sandstones from the Devonian-Carboniferous 
accretionary complex of the southern New England Orogen (Fig. 4.6g; after Cawood 
et al., 2012). The most prominent age population in the Nambucca Block is ca. 329 Ma 
(Figs. 4.5, and 4.6c-d), and this population seems to correspond to detrital zircon ages 
from the New England Orogen accretionary complex rocks (Korsch et al., 2009a) and to 
a previously described volcanic peak in the magmatic arc of the southern New England 
Orogen (Glen, 2005). Deposition of recycled sediments from the former (Devonian-
Carboniferous) forearc units can explain the correlation of ages with the southern New 
England Orogen magmatic arc, as well as the polymicticity and consistency (between 
the different samples) that characterise the succession.
The older portion of relative ages from the Nambucca succession shows a more 
mature trend (Fig. 4.6g), which likely represents components that were transported 
or recycled for a much longer time en route to the basin. This portion of ages shows a 
similar pattern to provenance data from eastern Australian backarc basins, which are 
characterised by an increasing input of older detritus from the adjoining craton (Cawood 
et al., 2012). The relative similarity of the detrital zircon spectra from Nambucca 
Block to the other eastern Australian backarc basins, as well as its relative maturity 
within the collisional setting range suggest that the Nambucca Block was deposited 
in a backarc tectonic setting.
4.6.3. TECTONIC IMPLICATIONS
Results of this study confirm that the sedimentary succession of the Nambucca 
Block was deposited in a backarc setting during the Early Permian. If this backarc 
environment was associated with a west-dipping subduction zone east of the Nambucca 
Block, then one must conclude that the whole southern New England Orogen west of 
the Nambucca Block was also positioned in a backarc setting. Therefore, rocks of 
the Tablelands complex and Tamworth Belt, which were developed in a Devonian-
Carboniferous forearc region, changed their tectonic position to the backarc region 
in the Early Permian. Regional geological syntheses indicate that this change in the 
plate-boundary setting occurred at 305–300 Ma (e.g., Cawood et al., 2011a; Veevers, 
2013) and was likely associated with the initiation of wholesale crustal extension. The 
Early Permian arc must have been positioned east of the present-day coast of eastern 
Australia, and is therefore not preserved in the southern New England Orogen. Farther 
north, Permian volcanic and volcaniclastic rocks of the northern New England Orogen 
(the Gympie Province) may represent an exposed fragment of this arc (Sivell and 
McCulloch, 2001; Korsch et al., 2009a).
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Figure 4.7. Map of the geological features 
associated with regional extension in the Early 
Permian. Extent of the Meandarra gravity ridge is 
after Korsch et al. (2009b) and Krassay et al. (2009). 
Distribution of the Sydney-Gunnedah-Bowen Basin 
System is after Powell et al. (1990) and Veevers 
et al. (1994). Extensional faults within the New 
England Orogen are after Brooke-Barnett and 
Rosenbaum (2015). Western faults and associated 
inferred extension directions are after Korsch et al. 
(2009b). Abbreviations: Dy – Dyamberin Block, Na 
– Nambucca Block, NEO – New England Orogen, 
Ma – Manning Basin, D’A – D’Aguilar metamorphic 
complex, Wo – Wongwibinda metamorphic complex, 
Ti – Tia metamorphic complex.
There are multiple lines of evidence 
supporting the suggestion that the Early 
Permian geodynamics of the southern New 
England Orogen were primarily controlled 
by extensional tectonics (Fig. 4.7). Early 
Permian sedimentary successions in the 
southern New England Orogen are not 
limited to the Nambucca Block and occur 
in several additional exposures (e.g., 
Manning Basin, Dyamberin Block, and a 
number of exposures in the vicinity of the 
Texas Orocline; Figs. 4.1b, and 4.7). The 
time of deposition of these successions is 
relatively poorly constrained, but it seems to 
be similar to the Nambucca Block based on 
a mean U-Pb zircon age (291.3 ± 2.8 Ma) 
from volcanic layers in the area of the Texas 
Orocline (Roberts et al., 1996), as well as 
biostratigraphic evidence supporting an 
Artinskian (ca. 285–275 Ma) age for some 
of the strata (Briggs, 1993). Whether or not 
all these successions were part of a single 
basin (Leitch, 1988) is an open question, 
but their coeval appearance indicates that a 
large portion of the southern New England 
Orogen was simultaneously affected by 
basin formation.
61
Chapter 4
A larger extensional system that developed in the Early Permian is the one associated 
with the Sydney-Gunnedah-Bowen Basin System, which occur west of the New 
England Orogen along the entire length of the plate boundary (Figs. 4.1a, and 4.7). 
This extensional rift system consists of a series of N-S trending half grabens (Veevers 
et al., 1994; Holcombe et al., 1997a; Fielding et al., 2001; Korsch et al., 2009b), 
bounded by southeast-trending transfer faults (Korsch et al., 2009b). Basin formation 
was supposedly controlled by NW-SE extension and involved up to 4 km of synrift, 
nonmarine sedimentary infill (Korsch et al., 2009b). A thick (4.5–9 km) pile of mafic 
volcanic rocks, inferred from gravity profiles to exist beneath the sedimentary cover 
(Meandarra gravity ridge; Fig. 4.7), may represent rift-related magmatism associated 
with this system (Day et al., 1978; Krassay et al., 2009).
Within the New England Orogen, Early Permian extension is inferred from the exhumation 
of high-pressure – low temperature metamorphic complexes at the D’Aguilar Block 
(Fig. 4.7; Little et al., 1993; Holcombe and Little, 1994). High-temperature metamorphic 
complexes in the southern New England Orogen (Wongwibinda and Tia complexes; 
Fig. 4.7) are fault-bounded, and their possible relationship to extensional tectonism is 
not fully understood (Stephenson and Hensel, 1982; Danis et al., 2010; Craven et al., 
2012; Fukui et al., 2012). Nevertheless, there is evidence that rocks were subjected to 
an elevated geothermal gradient with peak metamorphism (amphibolite-facies) dated 
at 296.8 ± 1.5 Ma (Craven et al., 2012). Contemporaneously, rocks in the southern 
New England Orogen were subjected to melting, which gave rise to voluminous S-type 
magmatism (Phillips et al., 2008, 2011; Cawood et al., 2011a; Fukui et al., 2012; Jeon et 
al., 2012). All these features are consistent with an anomalously hot thermal structure 
characteristic of backarc regions (Currie and Hyndman, 2006).
Given the evidence presented herein, we suggest that the combination of basin 
formation, extensional faulting, exhumation of metamorphic complexes, crustal 
melting, and emplacement of S-type granitoids was controlled by backarc extension in 
a retreating subduction system (Little et al., 1992; Jenkins et al., 2002; Rosenbaum, 
2012). Similar associations, for example, between S-type magmatism and backarc 
extension, have been discussed in the context of the whole Tasmanides and in other 
orogens (Collins, 2002a; Collins and Richards, 2008; Kemp et al., 2009), raising 
the possibility that transient changes in the behaviour of the orogen were primarily 
controlled by switches in the migrating subduction boundaries (advance or retreat). The 
overwhelming geological evidence from the New England Orogen seems to indicate 
that Early Permian crustal extension was fundamentally controlled by trench retreat.
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Considering that the Early Permian geodynamic environment in the New England Orogen 
was controlled by trench retreat, we think that this process was directly responsible for 
the formation of the New England oroclines. The role of trench retreat in the formation 
of oroclines has been discussed, and demonstrated, for example, in the Mediterranean 
region (Royden, 1993; Faccenna et al., 2004, 2014; Rosenbaum and Lister, 2004; 
Rosenbaum, 2014), where oroclinal bending involved rotations and translations of 
crustal blocks in backarc extensional regions. This process, which is generated by 
a combination of trench retreat and slab tearing, results in the development of tight 
curvatures, which are not dissimilar to the observed curvatures in the southern New 
England Orogen (Rosenbaum, 2014).
The contemporaneous occurrence of backarc extensional deformation and oroclinal 
bending in the New England Orogen suggests that, similar to the modern Mediterranean 
examples, trench retreat was the primary mechanism controlling orocline formation. The 
tight oroclinal structure and its opposite sense of curvatures (i.e., a Z-shape northern 
segment and an S-shaped southern segment) require a complex three-dimensional 
subduction geometry and formation of slab tears, which likely formed slab windows 
(e.g., Faccenna et al., 2004). Possible evidence for slab tearing in the southern New 
England Orogen is the occurrence of Middle Permian (272–266 Ma) asthenospheric-
derived volcanic rocks (Caprarelli and Leitch, 2001; Li et al., 2014), which may have 
resulted from the reorganisation of the plate boundary following oroclinal bending.
The proposed link between backarc extension and oroclinal bending along the eastern 
Gondwana margin may have profound implications for the understanding of paleo-
circum-Pacific subduction zones and accretionary orogens in general (e.g., Cawood 
and Buchan, 2007). Many Precambrian and Paleozoic accretionary orogens are 
characterised by an anomalous width, which has traditionally been interpreted to result 
from terrane accretion (e.g., Ben-Avraham et al., 1981). However, increasing evidence 
for the existence of oroclines, for example, from the Central Asian orogenic belt (e.g., Xiao 
et al., 2010), raises the possibility that widening of these orogens was not necessarily 
obtained solely by terrane accretion, but likely involved oroclinal bending during 
periods of trench retreat and backarc extension. This mode of orogenesis, according to 
Faccenna et al. (2013), is predominantly driven by upper-mantle convection cells and the 
accompanying processes of trench rollback, slab breakoff, and asthenospheric mantle 
flow. It allows orogenic growth by thickening and deformation of the overriding plate, 
and it is commonly expressed by the occurrence of tight oroclines. The consideration 
of these processes in the evolution of ancient accretionary orogens implies that the role of 
terrane accretion may have been overestimated in previous reconstructions.
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In the Australian Tasmanides, the width of the orogenic collage, from the Delamerian 
orogen in the west to the New England Orogen in the east, is ~1500 km (Fig. 4.1a). 
Nonetheless, there is relatively little evidence for exotic terranes that may have 
accreted during subduction processes. The discovery of oroclines in the Lachlan 
orogen (Fig. 4.1a; Moresi et al., 2014; Rawlinson et al., 2014) and New England Orogen 
demonstrates that the structure of the Tasmanides is more complex than previously 
thought. The origin of this orogenic structure may have been generated by upper-
mantle convection cells that gave rise to intermittent episodes of trench retreat and 
backarc extension. A similar pattern of tight curvatures, which are intimately linked to 
trench retreat and backarc basins, is recognised throughout the whole eastern part of 
the Indo-Australian plate (Fig. 4.8; Schellart et al., 2006). This indicates that the same 
type of orogenesis may have operated in this part of the circum-Pacific throughout the 
whole of the Phanerozoic (Collins, 2003; Collins et al., 2011).
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4.7. CONCLUSIONS
Geochronological and morphological investigation of detrital zircons from the 
Nambucca Block shows evidence for the existence of an Early Permian basin that 
received most of its detritus from a common pre-Permian polymictic provenance, and 
an additional, inconclusive minor component from a proximate Early Permian source. 
The youngest age populations of detritus, in conjunction with existing chronological 
constraints, indicate that deposition of the Nambucca succession occurred between 
299 Ma and 275 Ma, with the earlier period (>280 Ma) being more consistent with the 
regional geological context. The older Paleozoic component of the sequence is derived 
from the Devonian-Carboniferous subduction complex of the southern New England 
Orogen. The overall age spectra of the sequence are indicative of a convergent setting. 
The relatively large contribution of Proterozoic and Archean detritus from cratonic 
Gondwana, and the inconsistent occurrence of the Permian fraction between the 
samples suggest that the Nambucca Block was deposited in an Early Permian backarc 
setting. This is consistent with multiple independent observations supporting Early 
Permian extension and an elevated geothermal gradient along the eastern margins of 
Gondwana. A comparison between the Early Permian Gondwanan margin and modern 
environments suggests that regional extension was possibly generated by eastward 
migration of the subduction zone, and that trench retreat was the primary mechanism 
responsible for the formation of the Early Permian east Australian basins and the New 
England oroclines. The intimate links among trench retreat, backarc extension, and 
oroclinal bending suggest that the interaction among these plate-margin processes 
has played a fundamental role in the Phanerozoic tectonic evolution of the circum-
Pacific, and in the development of accretionary orogens in general.
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This chapter is in review for publication in Basin Research as:
Paleogeography of a Permian backarc basin (New England 
Orogen, Australia): Insights from detrital zircons
Shaanan, U., and Rosenbaum, G.
5.1. ABSTRACT
Subduction-related processes in Paleozoic eastern Australia were characterised by 
alternating episodes of contraction and extension, with the latter likely controlled by 
trench retreat. During the Early Permian, extension led to the development of the 
large rift-related Sydney-Gunnedah-Bowen Basin System and smaller sedimentary 
successions that unconformably overly older rocks of the New England Orogen. We 
investigated the sources of detritus in one of the latter successions (Dyamberin Block), 
using U-Pb ages and morphologic classification of detrital zircons. Average values 
of abrasion were used as a proxy for distance of transportation to highlight possible 
sources of detritus, and a comparison of data from different samples was done by 
separately plotting cumulative proportion curves for age groups that correspond to 
plausible source regions. We show that this approach for handling detrital zircon data, 
when complemented by a statistical analysis of the zircon morphologies, can provide 
insights into the paleogeography of sedimentary basins. The results show that in 
eastern Australia during the Early Permian, a regional fluvial system transported detritus 
from continental Gondwana across the landscape of the simultaneously developing 
Sydney-Gunnedah-Bowen Basin System and the former (Devonian-Carboniferous) 
magmatic arc. In addition, a local transportation system mobilised detritus within the 
New England Orogen. The source of Early Permian zircons was likely associated 
with an oceanward positioned magmatic arc. Together, these results support the idea 
that the New England Orogen was positioned in the backarc region during the Early 
Permian, thus receiving sediments from both the continent and the magmatic arc.
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5.2. INTRODUCTION
Zircon crystals are inherently resilient and can be accurately dated using U-Pb 
geochronology. As such, the study of detrital zircons can provide valuable information 
for investigation of sedimentary basins (e.g., Vermeesch, 2004; Dickinson and Gehrels, 
2009; Cawood et al., 2012; Gehrels, 2014). Improvements in analytical techniques 
have led to more precise, rapid and accessible data acquisition (e.g., Pullen et al., 
2014), and improved suitability for various new applications (Gehrels, 2014). For 
example, the distribution of detrital zircon ages, especially of large datasets (Pullen 
et al., 2014), enhances our ability to recognise source regions that are not exposed 
(e.g., Condie et al., 2009; Turner et al., 2014) or to infer the tectonic setting of a basin 
in which sediments were deposited (Cawood et al., 2012). When the age distribution of 
potential source regions are known, detrital zircon ages can be used to link a basin with 
detritus sources, and thus to provide insights into the paleogeography of a region (e.g., 
Sharman et al., 2015). Furthermore, since morphological maturity of detrital zircon is 
attributed mainly to mechanical abrasion during transportation (Morton and Hallsworth, 
1999), the morphology can be used as a proxy for the distance of transportation. The 
radiometric ages and morphology of detrital zircons are two independent parameters 
that, when found correlative, can constrain the paleogeography and illuminate the 
depositional setting of a basin.
The late Paleozoic paleogeography and landscape evolution of eastern Australia 
(south-eastern Gondwana) are poorly understood. It is generally assumed that the 
Early Permian Sydney-Gunnedah-Bowen Basin System in eastern Australia (Fig. 
5.1a; Korsch et al., 2009b) formed in the course of widespread extension along the 
southeastern margins of Gondwana (Veevers, 2013). The development of this rift system 
was accompanied by the formation of a tight set of orogenic curvatures (oroclines) in 
the southern part of the New England Orogen (Fig. 5.1a-c; Cawood et al., 2011b; 
Rosenbaum, 2012; Rosenbaum et al., 2012). Within the oroclinal structure, several 
Lower Permian sedimentary successions occur, and their formation has been attributed 
to regional extension and oroclinal bending (Shaanan et al., 2015). Understanding the 
depositional setting and paleogeography of these Lower Permian successions may 
provide key information on the geodynamic processes that controlled oroclinal bending 
and the tectonic setting of southeast Gondwana during the Early Permian.
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In this paper, we focus on a sedimentary succession that is situated in the centre of the 
New England oroclinal structure (Dyamberin Block; Fig. 5.1c). We present U-Pb ages 
and an analysis of detrital zircon morphologies, and we synthesis new and published 
data by separating datasets into age groups of likely source regions. The correlation 
of detrital zircon ages and morphologies strengthens the cut-offs between the age 
groups, and the suggested linkage of Early Permian detritus and source regions. As 
such, our results provide an in-depth insight into the Early Permian paleogeography 
and tectonic settings of the region.
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Figure 5.1. Simplified geological maps and a magnetic image of the study area. (a) The Tasmanides of 
eastern Australia and location of the southern New England Orogen. (b) Aeromagnetic gridded map of 
the southern New England Orogen (from Geoscience Australia) highlighting the oroclines and major fault 
systems. (c) Geological map of the southern New England Orogen. (d) Geological map of the Dyamberin 
Block. Dashed lines mark the structural grain of the oroclines. Abbreviations: CH – Coffs-Harbour Block, 
CHO – Coffs-Harbour Orocline, DY – Dyamberin Block, HMFS – Hunter-Mooki Fault System, Na – 
Nambucca Block, NO – Nambucca Orocline, NSW – New South Wales, Ma – Manning Basin, MO – 
Manning Orocline, PMFS – Peel-Manning Fault System, TO – Texas Orocline, QLD – Queensland.
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5.3. GEOLOGICAL SETTING
The eastern third of Australia is made of Paleozoic subduction related orogenic belts 
that are commonly referred to as the Tasmanides (Fig. 5.1a). These orogenic belts are 
thought to have formed along the margins of Gondwana by subduction related processes 
(Collins, 2002a; Glen, 2005, 2013). The easternmost part of the Tasmanides is the 
New England Orogen, which is predominantly composed of Devonian-Carboniferous 
subduction-related rocks and Permian-Triassic magmatic and clastic sedimentary 
rocks (Fig. 5.1a, and c).
Devonian-Carboniferous subduction units in the New England Orogen are attributed to 
a magmatic arc, forearc basin and accretionary complex rocks (Leitch, 1974, 1975b). 
The magmatic arc is not exposed in the southern part of the orogen and is possibly 
underthrust beneath the forearc basin rocks (Fig. 5.1b, and c; Glen and Roberts, 2012). 
The existence of the magmatic arc is inferred from the volcaniclastic nature of detritus 
within the adjoining sedimentary units (e.g., Korsch, 1984; Hoy et al., 2014). The forearc 
basin and accretionary complex units are separated from each other by the Peel-
Manning Fault System, which hosts early Paleozoic serpentines and high pressure 
rocks with a strong magnetic signature (Fig. 5.1b, and c; Korsch and Harrington, 1987; 
Aitchison et al., 1994). 
The most prominent deformation feature in the southern New England Orogen is a 
set of orogenic scale curvatures (hereinafter the New England Oroclines; Fig. 5.1a-
c; Cawood et al., 2011b; Rosenbaum, 2012; Rosenbaum et al., 2012). The oroclinal 
structure is evident in the curved distribution of rock units (Korsch and Harrington, 
1987; Rosenbaum, 2012), structural fabrics (Korsch and Harrington, 1987; Li et al., 
2012a; Li and Rosenbaum, 2014) and magnetic anisotropy (Fig. 5.1b; Aubourg et al., 
2004; Mochales et al., 2014). The fingerprint of the oroclines appears only in Early 
Permian or older rocks, the youngest of which constitute variably deformed Lower 
Permian sedimentary successions that outcrop within the oroclinal structure and a 
belt of 298–288 Ma S-type granitoids (Fig. 5.1c). The curvature of this granitoid belt 
provides a maximum constraint for the timing of oroclinal bending (Rosenbaum et al., 
2012). A minimum age constraint is available from paleomagnetic data, which indicate 
that oroclinal bending was concluded prior to ~272 Ma (Shaanan et al., in press).
Variably deformed Lower Permian successions in the southern New England Orogen 
include the Dyamberin and Nambucca blocks, the Manning Basin, and a number 
of exposures in the northern part of the oroclinal structure (Fig. 5.1c). Leitch (1988) 
suggested that the succession of the Manning Basin is correlative to the successions 
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of the Dyamberin and Nambucca blocks, and that these exposures are remnants of a 
large rift-related basin (Barnard Basin). In contrast, Aitchison and Flood (1992), and 
more recently, White et al. (in review) argued that the Manning Basin is a transtensional 
pull-apart basin that was directly linked to the Peel-Manning Fault System. Shaanan et 
al. (2015) suggested that the Nambucca Block is a backarc extensional basin, based 
on the pattern of U-Pb ages. In order to determine the paleogeography and tectonic 
setting in which the Lower Permian successions of the southern New England Orogen 
were deposited, further information is required, particularly from the poorly constrained 
Dyamberin Block.
The Dyamberin Block is bounded from both east and west by fault systems (Fig. 5.1d). 
To the east, the dextral strike-slip Demon Fault juxtaposes the Dyamberin Block against 
Devonian-Carboniferous accretionary complex rocks of the Coffs-Harbour Block (Fig. 
5.1d; Korsch et al., 1978; Babaahmadi and Rosenbaum, 2013). To the west, the reverse 
Wongwibinda Fault juxtaposes the Dyamberin Block against Early Permian S-type 
granitoids and the Wongwibinda Metamorphic Complex (Fig. 5.1d; Landenberger et 
al., 1995). The northern and southern edges of the blocks are in contact with Permian 
and with younger magmatic rocks, respectively (Fig. 5.1d; Leitch et al., 1971; Brunker 
and Chesnut, 1976), the latter conceal the stratigraphic relationship of the Dyamberin 
and the Nambucca blocks. Bedding in the Dyamberin Block is shallowly dipping to the 
northwest (Korsch, 1975), similarly to the bedding in the Nambucca Block (Shaanan et 
al., 2014). The age of deposition of the Dyamberin Block is unknown and has previously 
been described as Early Permian or latest Carboniferous (Korsch, 1975). Moreover, it 
has hitherto not been known whether the Dyamberin Block is part of the Carboniferous 
forearc unit, or whether it is part of the Lower Permian basinal successions.
5.4. METHODOLOGY
5.4.1. SAMPLING AND MINERAL SEPARATION
Detrital zircon crystals from siltstone (sample 076_SH_DY) and lithic sandstone 
(samples 077_SH_DY and 078_SH_DY) were extracted and dated in order to 
constrain the time of deposition, examine the provenance of the Dyamberin Block, 
and characterise morphological variations between age populations (Table 5.1). 
Mineral separation was conducted at the School of Earth Sciences of the University 
of Queensland, and geochronological analyses were done at the Central Analytical 
Facility of the Queensland University of Technology.
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A stepwise separation process was applied in order to obtain a full proportional 
representation of all zircon populations and morphologies. Blocks of ~13 kg each were 
collected from relatively fresh exposures and washed to remove possible mud and 
dust contamination. Samples were crushed using a Jaw Crusher (Sturtevant London) 
and a disk mill (Fritsch pulverisette 13). Separation was initially conducted at <600 
μm and then at <420 μm with an additional step of <300 μm for a siltstone sample. 
Each step included repeated crushing of the coarse fraction until the entire samples 
were sieved to ensure crushing was sufficient. The crushed samples were washed 
and decant repeatedly to extract silt size particles. Magnetic minerals were removed 
using a Frantz Magnetic Barrier Laboratory Separator (model LB-1), and the non-
magnetic fraction was put in Diiodomethane (Methylene Iodide) to obtain heavy mineral 
separates. Finally, the crystals of the different separation cycles (<600 μm, <420 μm 
and <300 μm) of each sample were mixed, and all zircon crystals from used portions of 
each sample were handpicked using a binocular microscope. Approximately 250–1000 
zircon crystals from each sample were mounted in a 25 millimetre diameter mould with 
Struers Epofix resin and hardener. The mounted zircons were polished to expose their 
inner sections, which were imaged using a Zeiss Axio Imager 2 Microscope.
Sample
name
Lithology Concordant 
ages
Youngest 
age
Separation 
cycles
Coordinates
(Ma) (µm) Lat (°S) Long (°E)
076_SH_DY Siltstone 174 289.6 ± 
10
<600, 
<420, <300
30°2’36.83” 152°11’58.61”
077_SH_DY Lithic 
sandstone
315 289.0 ± 
14
<600, <420 30°4’44.07” 152°8’26.53”
078_SH_DY Lithic 
sandstone
265 296.8 ± 8 <600, <420 30°14’8.33” 152°12’13.56”
5.4.2. ANALYTICAL METHODS
Isotope analyses were obtained using an Agilent 8800 Laser Ablation Inductively Coupled 
Plasma Mass Spectrometer (LA-ICP-MS). Data acquisition involved 25 seconds of 
background measurement followed by 30 seconds of sample ablation in a He/Ar (+N) 
atmosphere using a laser beam diameter of 30 µm. Mass bias and U-Pb fractionation 
were corrected using Temora-2 zircon as a primary standard (TIMS 206Pb/238U age = 
416.78 ± 0.33 Ma, Black et al., 2004), and Plešovice as a secondary standard (ID-
TIMS 206Pb/238U age = 337.13 ± 0.37 Ma, Sláma et al., 2008). NIST 610 glass and 
stoichiometric ratios of 32.8% Si for zircon were used to quantify counts. Standards 
were measured between intervals of 10–15 unknowns at an overall standards-to-
unknown ratio of 1:2.2. Data reduction was conducted using Iolite software (Paton et 
al., 2011), and ages and relative probabilities were calculated using Isoplot software 
(Ludwig, 2003).
Table 5.1. Sample information
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Figure 5.2. Photomicrographs of sampled 
lithologies. Left sections of the photomicrographs 
are taken under cross-polarised light and right 
sections are taken under plane-polarised light. 
For locations see Figure 5.1. (a) Silicified massive 
siltstone with minor quartz veins (sample 076_
SH_DY). (b, and c) Lithic sandstones (samples 
077_SH_DY and 078_SH_DY, respectively). Qz 
- quarts grain, Lth - lithic fragments.
5.5. RESULTS
5.5.1. PETROGRAPHY
The lithic sandstones predominantly 
consist of chemically and physically 
immature sedimentary, and magmatic 
clasts, but rounded monomineralic 
fragments also occur (Fig. 5.2). Three 
types of clays are abundant in the 
sandstone samples: (1) mudstone 
clasts, (2) laminas of micro-scale clay-
rich horizons, and (3) in-situ degradation 
of feldspars and less resistant minerals. The 
siltstone sample is highly silicified and contains 
quartz veins (e.g., Fig. 5.2a). The observed 
silicification did not leave its mark on the 
more permeable sandstone lithologies.
5.5.2. DETRITAL ZIRCON AGES FROM 
THE DYAMBERIN BLOCK
Detrital zircon geochronology yielded a 
total of 754 concordant ages (discordance 
<10%) from 1010 analyses of individual 
crystals. Results are presented in Figures 
5.3, 5,4, and 5.5, and in Digital Appendix 3. Examination of the distribution of ages 
in geological periods (Fig. 5.3) and in a relative probability plot (Fig. 5.4a, and b) 
shows that the spectra of the three samples have corresponding trends. The youngest 
concordant ages of the three samples overlap within 2σ error and are 289.6 ± 10 Ma, 
289.6 ± 10 Ma, and 296.8 ± 8 Ma (Fig. 5.5a, and Table 5.1). Each of these ages also 
overlaps within 2σ error with the seven or more preceding ages within its sample.
The most prominent component of all samples are Carboniferous with 70% to 92% 
of concordant ages (Figs. 5.3, and 5.4). Ages from the combined samples consist of 
minor fractions of Devonian (3.8%) and earlier Paleozoic (2.9%) ages. In contrast, 
Proterozoic ages constitute a large fraction of 10.2%. Few Archean ages also occur 
(0.4%) with the oldest concordant age at 3053 ± 96 Ma. The following three pre-
Devonian age populations are consistently represented: ~2000–1500 Ma, ~1200–900 
Ma (Grenvillian), and ~620–480 Ma (Fig. 5.4). 82.6% of all ages are Carboniferous and 
Permian and their distribution along continuous slopes in Figures 5.4e, and 5.5a, as 
well as the lack of prominent peaks in Figure 5.5b nullify the existence of distinct age 
populations within this time span.
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Figure 5.3. Count, proportions, and morphological classification of detrital zircons from the Dyamberin 
(this study) and Nambucca blocks (Shaanan et al., 2015), plotted according to their distribution of ages 
in geological times. Roundness is normalised (in percent), and sphericity is the calculated ratio of the 
apparent elongated axis of a crystal, divided by the perpendicular axis.
5.5.3. MORPHOLOGICAL CLASSIFICATION
In order to quantify and compare crystal morphologies, the roundness and sphericity 
of each of the dated crystals were documented (Fig. 5.3). Roundness was ranked on a 
relative scale of 1 to 5, of anhedral to prismatic euhedral, respectively, and normalised 
to percent (with fully rounded/abraded crystals described as 100%). Sphericity was 
calculated as the ratio of the apparent elongated axis of a crystal, divided by the 
perpendicular axis. Since zircon is tetragonal with a=b<c, the axis perpendicular to the 
elongated one is an approximation of the equatorial axis of the prolate crystal.
Morphological classification was conducted on 1187 dated crystals from the successions 
of the Dyamberin Block (n=747) and the Nambucca Block (n=440, after Shaanan et 
al., 2015; Fig. 5.3). The sphericity does not show dependency on age of crystals, 
but roundness displays a clear positive correlation with age (with the exception of 
the Permian zircons that show a negative correlation, Fig. 5.3). Samples from the 
Dyamberin Block exhibit similar trends, and resembling values of normalised roundness 
of 80% for the Archean, 62% for the Proterozoic, and 47% for the Phanerozoic (Fig. 
5.3). Variations in size of crystals, as expected, occur between different samples, but 
did not seem to significantly vary between age groups of individual samples. 
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Figure 5.4. Relative probability and cumulative proportions vs. time (in Ma) of detrital zircon ages from 
the Dyamberin Block (this study, in brown) and from the Nambucca Block (Shaanan et al., 2015, in 
grayscale). (a, and b) Relative probability of age populations in samples from the Dyamberin Block and 
a combined curve for all samples from Nambucca Block. (c, and d) Cumulative proportions of all ages 
of samples from the Dyamberin and Nambucca blocks. (e) Cumulative proportions of all post-Devonian 
ages of samples from the Dyamberin and Nambucca blocks. (f) Cumulative proportions of all pre-
Carboniferous ages of samples from the Dyamberin and Nambucca blocks. (g) Cumulative proportions 
of all pre-Devonian ages of samples from the Dyamberin and Nambucca blocks.
74
Chapter 5
10 
20 
30 
40 
50 
60 
70 
80 
300280 320 340 Ma
Relative probability 
N
um
be
r  
of
  c
on
co
rd
an
t  
an
al
ys
es n=623
260 
280 
300 
320 
340 
360 
380 
n=623
a.
b.
5.6. DISCUSSION
5.6.1. AGE OF DEPOSITION
The age of the youngest zircon grain in 
a sedimentary rock provides a maximum 
constraint on the time of deposition. We 
consider a geologically meaningful age 
constraint when multiple ages (with errors) 
overlap and thus confirm each other (e.g., 
Pullen et al., 2014). The resemblance in 
age spectra between the three samples, 
and the overlap within 2σ error of the 
youngest ages within each sample and 
between the different samples, provide 
robust maximum constraints for the age 
of deposition in the Dyamberin Block at 
~297 Ma and ~290 Ma. The large fraction 
of Carboniferous and Early Permian ages 
(82.6%), together with their continuous 
distribution and the absence of distinct 
age populations (Figs. 5.4e, and 5.5), 
suggest that the data represent ongoing 
magmatic activity, most likely related to 
arc magmatism in the New England Orogen. Continuous magmatic activity up until the 
time of deposition, in conjunction with the immaturity of clasts in the lithic sandstones 
(Fig. 5.2), implies that the time between crystallisation and deposition of the youngest 
detrital zircons was limited. Thus, that the maximum age constraints likely resemble 
the actual time of deposition.
5.6.2. EARLY PERMIAN PROVENANCE AND DEPOSITIONAL SETTING OF THE 
SOUTHERN NEW ENGLAND OROGEN
The cumulative proportion curves of all ages from the Dyamberin Block display some 
variation between the samples (Fig. 5.4c, and d). However, a remarkable similarity 
between the samples from the Dyamberin Block is recognised when data are plotted 
separately for ages that are Carboniferous or younger (Fig. 5.4e) and for ages that 
are Devonian or older (Fig. 5.4f). The similarity between the samples is indicated by 
the fact that both the pre-Carboniferous and post-Devonian curves overlap at least 
Figure 5.5. Carboniferous and Permian ages from 
the Dyamberin Block (2σ errors): (a) plotted on a 
timeline in chronological order, and (b) number 
of concordant analyses (grey rectangles) and 
relative probability (thick black line).
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Terrane Youngest zircons/
populations
(of) number 
of concordant 
analyses(reference) (Ma)
Nambucca Block
(Adams et al., 2013)
293 ± 7 (n=7) 44
297 ± 6 (n=5) 54
Nambucca Block
(Shaanan et al., 2015)
285.5 ± 2.3   (n=7)
452
299.2 ± 1.4 (n=22)
Dyamberin Block
(this chapter)
289.6 ± 10
754289.6 ± 10
296.8 ± 8
Texas successions
(Appendix 4)
280.7 ± 3.0 Ma  (n=5) 83
281.8 ± 5.2 Ma  (n=5) 118
283.1 ± 5.2 Ma  (n=2) 90
289.7 ± 9.9 Ma  (n=2) 126
295.0 ± 18.0 Ma(n=3) 100
297.8 ± 4.3 Ma  (n=6) 89
302.4 ± 5.1 Ma  (n=5) 60
Manning Basin
(Appendix 3) 288.5 ± 2.1 (n=33) 478
Table 5.2. Chronological 
constraints for the maximum 
age of deposition for Lower 
Permian successions in the 
southern New England Orogen. 
’n’ represents number of ages 
for reported populations, 
calculated as mean weight 
average age. 
three times (Fig. 5.4e, and f). Larger variations with and within samples from the 
Nambucca Block (after Shaanan et al., 2015), similarly decreases when ages that 
are younger than Devonian are plotted and normalised separately (Fig. 5.4e). The 
older, pre-Carboniferous fraction of ages from Nambucca Block remains somewhat 
variable even when plotted separately (Fig. 5.4f), but removal of all Devonian ages 
significantly reduces the scatter (Fig. 5.4g). We applied the Kolmogorov-Smirnov test, 
which is used to compare the cumulative distribution of two samples and to quantify 
the maximum difference (D-value) between samples. The calculated D-value for the 
datasets of the Dyamberin and Nambucca blocks is 0.41, whereas the pre- and post-
Devonian D-values are 0.22 and 0.28, respectively. The significantly lower D-values of 
the split datasets indicate closer similarities and validate the pre- and post-Devonian 
cut-offs. The fact that variation between the datasets may be reconcile by separately 
normalising different age groups (i.e., pre- and post-Devonian), most likely reflects an 
uneven mixture of detritus from two or more coeval transportation systems. The improved 
correlation after exclusion of Devonian ages suggests that both transportation systems 
carried some Devonian detritus. The post-Devonian detritus was possibly sourced 
from the New England Orogen, and its fraction therefore represents the contribution 
of detritus from a local transportation systems. In contrast, pre-Devonian detritus was 
likely sourced from older terranes of the Tasmanides and/or cratonic Gondwana. These 
suggested source regions, and corresponding transportation distances are supported 
by the higher roundness values (abrasion) of pre-Devonian zircons (Fig. 5.3).
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The recognition of coeval Early Permian regional and local transportation systems (Fig. 
5.4e, and g), in conjunction with the similarities in youngest ages of detrital zircons 
(Table 5.2), and similarities in the immature lithological character (Fig. 5.2; Shaanan 
et al., 2014), strongly suggest that the successions of the Dyamberin and Nambucca 
blocks are correlative and were deposited in the same basin. In contrast, evidence 
for the Manning Basin to be a transtensional pull-apart basin that opened along the 
Peel-Manning Fault System (White et al., in review), suggest that it was deposited 
simultaneously (Table 5.2) in a separate basin. A number of additional exposures 
of Permian successions in the area of the Texas Orocline (Fig. 5.1c) are possibly 
correlative to the succession of the Dyamberin and Nambucca blocks (Korsch et al., 
2009a; Shaanan et al., 2014; Campbell et al., in review). Constraints for the age of 
deposition of the successions in the Texas area (Fig. 5.1c) include the occurrence of 
Lower Permian fossils (Olgers et al., 1974) and a U-Pb SHRIMP zircon age of 296.6 
± 3.4 Ma from an interbedded volcanic horizon (recalculated from 293.7 ± 3.4 Ma of 
Roberts et al., 1996 using the correction suggested by Black et al., 2003). Recently 
obtained U-Pb ages of detrital zircons show that the successions from the Texas area 
are correlative to each other, with ages of their youngest populations range between 
302.4 ± 5.1 Ma (n=5) and 280.7 ± 3.0 Ma (n=5) (Table 5.2; Campbell et al., in review). 
These time constraints are equivalent to the time of deposition in the Nambucca Block, 
but the proportion of detrital zircon ages is different (Fig. 5.6a; Campbell et al., in 
review). However, a cumulative proportion curve of post-Devonian ages (Fig. 5.6b) 
shows the dataset of the Lower Permian succession of the Texas area to predominantly 
overlap or range between the datasets of the Dyamberin and Nambucca blocks (Fig. 
5.6b). In contrast, the proportions of the pre-Devonian ages do not overlap with those 
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Figure 5.6. Cumulative proportion curves for Lower Permian successions from the Dyamberin Block 
(this study), Nambucca Block (after Shaanan et al., 2015) and Texas area (after Campbell et al., in review).
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of the Dyamberin and Nambucca blocks (Fig. 5.6c). Furthermore, out of the three 
characteristic pre-Devonian age populations that are common in the detritus of the 
Dyamberin and Nambucca blocks (see section 5.5.2), only the latest one (~480–620 ) 
is represented in successions of the Texas area (Fig. 5.6c). Whether the successions 
from the northern part of the oroclinal structure are correlative to the succession of the 
Dyamberin and Nambucca blocks remains to be tested, but their equivalent constraints 
for the time of deposition (Table 5.2) in conjunction with the overlap of post-Devonian 
cumulative proportions (Fig. 5.6b), suggest that similar local transportation systems 
contributed detritus into all parts of the oroclinal structure. In contrast, the variation 
in the proportion of pre-Devonian detritus may indicate transportation from a different 
provenance within the Tasmanides (e.g., Thomson vs. Lachlan orogens, Fig. 5.1a). 
Large components of the Tasmanides are concealed under younger sedimentary 
cover, and the zircon provenance data, and their spatial variation, may provide insights 
into the ages of these terranes and/or their source rocks.
5.6.3. EARLY PERMIAN PALEOGEOGRAPHY OF THE SOUTHERN NEW 
ENGLAND OROGEN
The large input of pre-Devonian detritus in Lower Permian sediments proves the 
existence of a fluvial system that passed from the older components of the Tasmanides 
across the Sydney-Gunnedah-Bowen Basin System and the former (Devonian-
Carboniferous) subduction complex (Fig. 5.7). The transportation of detritus from the 
older Tasmanides to the New England Orogen shows that the southern part of the 
Sydney-Gunnedah-Bowen Basin System was not endorheic in the Early Permian. The 
variations in pre-Devonian fraction of detritus suggest that the opening of the Sydney-
Gunnedah-Bowen Basin System, and/or some of the more resilient topography of the 
Carboniferous magmatic arc, shaped the Early Permian landscape of the region and 
limited the outlet channels of detritus through them. Such a paleogeography supports 
the proposed transition from Carboniferous forearc setting to Early Permian backarc 
setting for the region (Shaanan et al., 2015).
The observed continuous distribution of Carboniferous and Permian ages (Fig. 5.5), 
most likely relates to arc magmatism in the New England Orogen. Average roundness 
value of Permian zircons from the succession of the Dyamberin and Nambucca blocks 
is equivalent and slightly higher than that of the Carboniferous (50.2%, n=28 and 
47.4%, n=822, respectively). Plausible local sources for the Carboniferous subduction-
related detritus are recycled sediments from the former (Devonian-Carboniferous) 
forearc units of the New England Orogen (Shaanan et al., 2015) and possibly the 
Carboniferous magmatic arc east of the Hunter-Mooki Fault System (Fig. 5.7). Unlike 
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the Carboniferous detritus, which is at 
least partly recycled, the Early Permian 
detritus most likely derived directly from 
its magmatic source (see section 5.6.1). 
Therefore, given the relatively high 
roundness value of the Permian zircons, 
we suggest that the Permian detritus was 
transported over a longer distance than 
the Carboniferous detritus. This raises the 
possibility that the Early Permian detritus 
derived from an oceanward positioned 
magmatic arc (Fig. 5.7). Such a position 
of the Early Permian arc is consistent 
with previously suggested models that 
suggested a substantial trench retreat of 
the paleo-Pacific plate boundary during the 
Early Permian (e.g., Jenkins et al., 2002; 
Shaanan et al., 2015). The simultaneous 
formation of backarc and transtensional 
basin systems during oroclinal bending, in 
conjunction with the inferred occurrence of 
an Early Permian magmatic arc offshore, 
raise the possibility that oroclinal bending 
in the southern New England Orogen was, 
similarly to modern examples (Lonergan and 
White, 1997; Rosenbaum and Lister, 2004; 
Rosenbaum, 2014), driven by trench retreat.
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5.7. CONCLUSIONS
Geochronological provenance data that are plotted on cumulative proportion curves, 
separately for different possible sources of detritus, can indicate the proportions of 
input of different transportation systems. In addition, a morphological classification of 
dated crystals, based on the abrasion of age groups, serves as a proxy for distance 
of transportation. Together, the usage of U-Pb detrital zircon ages and the morphological 
classification provides important insights into the paleogeography of sedimentary basins. 
Our data provide new constraints for the time of deposition, provenance and tectonic 
setting of the sedimentary succession of the Dyamberin Block. The Permian detritus 
from the Dyamberin Block provides robust ~297 Ma and ~290 Ma maximum constraints 
for the age of deposition. The equivalent constraints for the age of deposition and the 
described usage of the new dataset suggests that the succession of the Dyamberin 
Block is correlative to the succession of the Nambucca Block and possibly to additional 
successions in the northern part of the New England oroclinal structure.
The data from the Lower Permian successions demonstrate the existence of a local 
transportation system that mobilised detritus within the New England Orogen and 
regional transportation system(s) that deliver detritus from the older parts of Australia, 
and distributed it variably within the oroclinal structure. The large and variable fraction 
of pre-Devonian detritus point at the existence of a fluvial system that passed from 
older components of the Tasmanides across the simultaneously developing Sydney-
Gunnedah-Bowen Basin System and the former (Devonian-Carboniferous) magmatic 
arc. The variability of the pre-Devonian fraction suggests that the depression of the 
basin system and/or rocks of the former (Devonian-Carboniferous) magmatic arc 
shaped the Early Permian landscape of the region, and limited the outlet channels 
of detritus into the New England Orogen. Early Permian zircons in the succession 
of the Dyamberin and Nambucca blocks were possibly sourced from an oceanward 
positioned magmatic arc, further supporting the previously suggested Early Permian 
backarc setting of the region.
Chapter 6
Discussion and conclusions
6.1. OROCLINAL BENDING IN THE NEW ENGLAND OROGEN
The thesis aimed to provide insights into the formation mechanism and development 
history of the New England oroclines in eastern Australia. An integrated structural, 
geochronological, petrographic and paleomagnetic investigation of Permian rocks 
from within the oroclinal structure provided: (1) independent Early Permian constraints 
on the time span during which the different parts of the oroclinal structure were formed, 
(2) kinematic constraints for the formation of the oroclines, (3) an understanding of the 
tectonic settings and possible geodynamic mechanisms of the New England oroclines, 
and (4) insights into the Early Permian paleogeography of the region (Fig. 6.1). 
Paleomagnetic data presented in Chapter 2 (Shaanan et al., in press), show that the 
southern New England oroclines predominantly formed in the Early Permian. The 
combination of Early Permian basin formation, extensional faulting, exhumation of 
metamorphic complexes, crustal melting, and emplacement of S-type granitoids (Fig. 
2.3, and corresponding references) is consistent with the hot thermal structure that is 
characteristic of extensional backarc regions (Currie and Hyndman, 2006). The age 
spectra of detrital zircons, and the Early Permian age constraints for deposition, that are 
presented in Chapters 4 and 5 for the Nambucca and Dyamberin blocks (Shaanan et 
al., 2015; Shaanan and Rosenbaum, in review), independently suggest Early Permian 
backarc setting for the region. The change in setting of the region, from Carboniferous 
forearc to Early Permian backarc, implies that substantial oceanward migration of 
the subduction boundary must have occurred during this time (Shaanan et al., 2015; 
Shaanan and Rosenbaum, in review).
The chronologic and kinematic constraints that are provided in this thesis constitute 
good understanding of the time and tectonic setting within which the New England 
oroclines were formed (Fig. 6.1), but the kinematic development of the structure is 
yet to be fully resolved. Structural and geochronological constraints show major ~288 
Ma strike-slip fault systems in the oroclinal structure to have sinistral sense in the 
south (i.e., Peel-Manning Fault System; Fig. 6.1; Appendix 3; White et al., in review) 
and dextral sense in the north (i.e., Red Rock fault zone; Fig. 6.1; Rosenbaum et 
al., 2015). Translation into the concave area of the first order curvature of the New 
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     Paleomagnetic data indicate that the 
southern part of the New England 
oroclines predominantly formed in the 
Early Permian, before ~272 Ma (Chapter 2)
    Substantial migration of the 
subduction boundary occurred 
during the Early Permian 
(Chapters 2, 4 and 5)
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Figure 6.1. Schematic illustration of research highlights of this thesis. Abbreviations; Bo – Bowen Basin, 
Dy – Dyamberin Block, Gu – Gunnedah Basin, Na – Nambucca Block, Sy – Sydney Basin
England oroclinal structure is somewhat conflicting with the coeval formation of rift 
basin in the centre of the oroclinal structure (i.e., Dyamberin and Nambucca blocks; 
Fig. 6.1). A possible explanation for this apparent contradiction may be found in the 
widening of the Sydney and Bowen basins, south and north of the oroclinal structure, 
and the relatively narrow extent of the Gunnedah Basin in the middle. The variation 
in width of the Sydney-Gunnedah-Bowen Basin System and the formation of the first 
order oroclinal curvature could be explained by the development of a curvature or 
segmentation of the subduction zone (e.g., Fig. 6.1). Segmentation and differential 
retreat rates of subducting slabs can explain the opposite slip in the northern and 
southern parts of the oroclinal structure as a response to development of tear faults 
along the slab edges (e.g., Govers and Wortel, 2005; Rosenbaum et al., 2008), with 
an opposite sense of kinematics (Fig. 6.1). Such a kinematic model may also help 
explaining the subsequent development of opposite northern Z-shaped and southern 
S-shaped sets of second order oroclines (i.e. Texas and Coffs Harbour vs. Manning and 
Nambucca oroclines, respectively). Although this model is permissible and consistent 
with available data and field observations, further study is required to validate and 
refine the suggested kinematics for the formation of the New England oroclines.
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6.2. IMPLICATIONS FOR THE STUDY OF ANALOGOUS TECTONIC 
ENVIRONMENTS
6.2.1. FORMATION MECHANISM OF THICK-SKINNED OROCLINES AND 
IMPLICATIONS FOR ACCRETIONARY OROGENS
The results of this thesis provide a significant input into the debate between the two 
alternative hypotheses for the origin of oroclines: lithospheric buckling (e.g., Gutiérrez-
Alonso et al., 2012; Johnston et al., 2013; Weil et al., 2013) vs. convergent plate margin 
processes (e.g., Rosenbaum, 2014). Oroclinal bending by lithospheric buckling is a 
process that is yet to be demonstrated by geodynamic modelling. In contrast, oroclinal 
bending by plate boundary migration is geodynamically plausible (Schellart et al., 2002; 
Schellart and Lister, 2004; Morra et al., 2006). The demonstrated link between the 
formation of a thick-skinned oroclines in the New England Orogen, the development 
of backarc extensional basins (e.g., Nambucca Block) and extensional tectonism (see 
Fig. 2.3, and corresponding references), strongly suggests that the New England 
oroclines formed by convergent plate margin processes (i.e., trench retreat). A similar 
plate margin interplay of forces that formed the Paleozoic New England oroclines could 
have acted on other modern and ancient analogous tectonic environments (e.g., Moresi 
et al., 2014; Rosenbaum, 2014). Furthermore, the demonstrated link between trench 
retreat, development of backarc basins and oroclinal bending involves creation and 
destruction of back arc basin systems. Infilling of sedimentary basins and magmatism 
in the course of subduction rollback, widens the continental margins, and subsequent 
thickening and deformation of the overriding plate during contractional episodes are 
amalgamating the new terranes to form accretionary orogens (e.g., Collins, 2002a, 
2002b). Formation of oroclines that is driven by trench retreat is therefore a process that 
involves orogenic growth. The consideration of plate margin driven oroclinal bending in 
the evolution of curved ancient accretionary orogens (such as the Variscan Cantabrian 
Orocline or the Central Asian Kazakhstan Orocline; Xiao et al., 2010; Weil et al., 2013) 
may improve future reconstructions.
6.2.2. PALEOGEOGRAPHIC APPLICATION FOR DETRITAL ZIRCON STUDY
Combined geochronological and morphological classification datasets, such as 
presented in Chapter 5 (Shaanan and Rosenbaum, in review) enable the use of abrasion 
of crystals as a proxy for transportation distances. Ages of such combined datasets can 
be separately analyse for periods that correspond with plausible source regions. This 
data handling approach can provide a powerful tool for correlation between samples 
and for paleogeographic reconstructions of sedimentary basins.
83
Chapter 6
6.3. SUGGESTIONS FOR FURTHER RESEARCH 
Along with the achievements of this thesis, several questions remain open. The 
following sections discuss prospective key issues that remain to be established.
6.3.1. QUANTIFYING THE ROTATIONS ON THE MANNING OROCLINE
The geometry of the southernmost part of the oroclinal structure (Manning Orocline) 
has been contentious (e.g., Lennox et al., 2013; Li and Rosenbaum, 2014, 2015; 
Offler et al., 2015) and although much work has been recently done on the structure 
(including Appendix 3; White et al., in review), the inferred rotations were not sufficiently 
quantified. Relative rotations between the blocks of the Manning Basin are suggested 
to correspond to the Manning Orocline and northwest translation of the Devonian-
Carboniferous Hastings Block (White et al., in review). In order to demonstrate and 
quantify these rotations, paleomagnetic data need to be collected from Permian rocks 
from the two limbs of the Manning Orocline, and possibly from adjoining Devonian-
Carboniferous forearc basin rocks. The succession of the Manning Basin (specifically 
its fine grained sediments of the Giro Diamictite and correlatives, Appendix 3) is one 
of the best preserved Early Permian successions of the region, which underwent only 
mild burial metamorphism (zeolite to prehnite-pumpellyite facies; Jenkins and Offler, 
1996), and its Natural Remanent Magnetisation is therefore likely to be primary.
6.3.2. DETRITAL ZIRCON INSIGHTS INTO THE TASMANIDES
The detrital zircon data handling that is demonstrated by Shaanan and Rosenbaum 
(in review) opens a range of highly prospective research opportunities. Specifically 
the ability to (1) separately plot ages for periods that correspond with plausible source 
regions, and (2) validate these using morphological analyses of dated crystals, can 
be used to examine a specific source of detritus by removing components of other 
sources from the dataset. The combined dataset of the Dyamberin and Nambucca 
blocks define the ‘detrital signature’ of the New England Orogen with 850 Carboniferous 
and Permian concordant ages (Figs. 5.4, and 5.6). This signature was shown to be 
consistent throughout the orogen even where the older Precambrian components 
significantly differ (Fig. 5.6b, and c). This means that we can subtract the New England 
Orogen component from datasets from the region and use the remaining to examine 
spatial variations in detrital input from cratonic Gondwana. This ability constitutes a 
unique opportunity to gain insights into the Tasmanides, including those parts of the 
Tasmanides that are concealed under younger sedimentary cover.
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The Early Permian rift-related Sydney-Gunnedah-Bowen Basin System developed 
along the margins of the Thomson and Lachlan orogens prior to the deposition of the 
younger Mesozoic sedimentary cover. As such, this basin system, and specifically its 
Permian strata must have received detritus both from the New England Orogen and 
from the older components of the Tasmanides. Furthermore, it is likely that while the 
Sydney Basin received its pre-Devonian detritus from the Lachlan Orogen, the northern 
Bowen Basin received pre-Devonian detritus from the Thomson Orogen (Fig. 6.1). The 
variation in pre-Devonian age spectra between the succession of the Dyamberin and 
Nambucca blocks and the successions from the vicinity of the Texas Orocline (Fig. 5.6c) 
suggests a different pre-Devonian provenance that may correspond to such along-
strike variations with the basement structure of the Tasmanides. Thus, future work is 
likely to be prospective. Since the pre-Devonian component vary and may be relatively 
small (i.e., 0.14–0.38 in the Dyamberin and Nambucca blocks), a provenance study on 
the older components of the Tasmanides will require a larger datasets in comparison to 
the traditional approach used in provenance studies (i.e., >300 analyses per sample).
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Appendix 1
This Appendix was published in Australian Journal of Earth Sciences (2014) as:
Geology and geochronology of the Emu Creek Block 
(northern New South Wales, Australia) and implications for 
oroclinal bending in the New England Orogen
Hoy, D., Rosenbaum, G., Wormald, R., and Shaanan, U.
A1.1. ABSTRACT
The southern part of the New England Orogen exhibits a series of remarkable orogenic 
bends (oroclines), which include the prominent Z-shaped Texas and Coffs Harbour 
oroclines. The oroclines are defined by the curvature of Devonian-Carboniferous 
forearc basin and accretionary complex rock units. However, for much of the interpreted 
length of the Texas Orocline, the forearc basin is mostly concealed by younger strata, 
and crops out only in the Emu Creek Block in the eastern limb of the orocline. The 
geology of the Emu Creek Block has hitherto been relatively poorly constrained 
and is addressed here by presenting new data, including a revised geological map, 
stratigraphic sections and new detrital zircon U-Pb ages. Rocks of the Emu Creek 
Block include shallow-marine and deltaic sedimentary successions, corresponding to 
the Emu Creek and Paddys Flat formations, respectively. New detrital zircon U-Pb data 
indicate that these formations were deposited during the late Carboniferous and that 
strata were derived from a magmatic source of Devonian to Carboniferous age. The 
sedimentary provenance and detrital zircon age distribution suggest that the sequence 
was deposited in a forearc basin setting. We propose that the Emu Creek and Paddys 
Flat formations are arc-distal, along-strike correlatives of the northern Tamworth Belt, 
which is part of the forearc basin in the western limb of the Texas Orocline. These results 
confirm the suggestion that Devonian-Carboniferous forearc basin rocks surround the 
Texas Orocline and have been subjected to oroclinal bending.
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A1.2. INTRODUCTION
The tectonic evolution of the New England Orogen of eastern Australia involved west-
dipping subduction in the Devonian-Carboniferous (Leitch, 1974; Roberts and Engel, 
1987; Cawood et al., 2011a), which was followed by oroclinal bending in the Early to 
Middle Permian (Cawood and Leitch, 1985; Korsch and Harrington, 1987; Cawood 
et al., 2011b; Rosenbaum, 2012; Shaanan et al., 2014), and Late Permian to Early 
Triassic contractional deformation and magmatism (Shaw and Flood, 1981; Holcombe 
et al., 1997). The orogenic bends, hereafter referred to as oroclines, are recognised in 
the southern New England Orogen (Fig. A1.1), and comprise the Texas-Coffs Harbour 
oroclines in the north (Korsch and Harrington, 1987; Murray et al., 1987; Lennox and 
Flood, 1997; Offler and Foster, 2008; Li et al., 2012a), and the more controversial 
Manning and Nambucca/Hastings oroclines in the south (Cawood et al., 2011b; Glen 
and Roberts, 2012; Rosenbaum, 2012; Li and Rosenbaum, 2014). 
The map-scale arrangement of Devonian-Carboniferous forearc basin blocks 
delineates the structure of the Manning Orocline in the south (Fig. A1.1), but in the area 
of the Texas and Coffs Harbour oroclines, this tectonic element is concealed beneath 
younger sedimentary strata (Wartenberg et al., 2003). Nevertheless, the structure of 
the Texas and Coffs Harbour oroclines is evident in the curved geometry of structural 
fabric within Devonian-Carboniferous accretionary complex rocks (Korsch, 1981; 
Lennox and Flood, 1997; Li et al., 2012a). One possible exposure of the forearc basin 
belt is the fault-bounded Emu Creek Block (Fig. A1.1), which is located in the eastern 
limb of the Texas Orocline (Scheibner, 1976; Day et al., 1978; Cawood and Leitch, 
1985). Earlier suggestions for a forearc basin setting for the Emu Creek Block were 
primarily based on similarities in biostratigraphic faunal assemblages (Andrews, 1908; 
Voisey, 1936; McCarthy et al., 1974) and depositional environments (Murray et al., 
1979, 1981). Although the suggested correlation with the forearc basin appears to be 
reasonable, the structure, stratigraphy and provenance of the Emu Creek Block have 
remained relatively poorly understood, and the exact correlation is not yet determined. 
The aim of this paper is to provide new data on the geology and provenance of the 
Emu Creek Block and to examine possible correlations with the known parts of the 
forearc basin. We present a revised stratigraphic section and a new geological map of 
the Emu Creek Block, complemented with new U-Pb detrital zircon geochronological 
ages. Our data allow us to better constrain the age, provenance, stratigraphy and 
structure of the Emu Creek Block and, in light of these, suggest possible correlations 
with forearc basin units around the hinge of the Texas Orocline. 
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A1.3. GEOLOGICAL SETTING
A1.3.1. NEW ENGLAND OROCLINES
The late Paleozoic to early Mesozoic New England Orogen is divided into two meridional 
segments, separated by the Mesozoic Surat and Clarence-Moreton basins (Day et 
al., 1978). In the southern segment (Fig. A1.1), Upper Devonian to Carboniferous 
tectonostratigraphic units mainly include forearc basin rocks (Tamworth Belt and 
Hastings Block) and an accretionary complex (Tablelands Complex; Leitch, 1974; 
Roberts and Engel, 1987). These two supra-subduction zone units are separated by 
the Peel-Manning Fault System (Fig. A1.1), along which early Paleozoic serpentinites 
and other metamorphic rocks are exposed (Korsch and Harrington, 1987; Glen, 2013). 
The late Devonian-Carboniferous magmatic arc is rarely exposed in the southern New 
England Orogen, but is evident from abundant magmatic clasts, as well as extrusive 
rocks (e.g., dacites) in the forearc basin and accretionary complex (Roberts et al., 
2003, 2004, 2006; Glen, 2005; Roberts and James, 2010).
Devonian-Carboniferous rocks of the southern New England Orogen are overlain 
in places by Early Permian clastic sedimentary rocks (Fig. A1.1). These rift-related 
sedimentary successions are exposed in a number of isolated blocks within the oroclinal 
structure (e.g., Nambucca Block; Fig. A1.1), as well as in the Sydney-Gunnedah-
Bowen Basin System (Leitch, 1988; Korsch et al., 2009b). Other Early Permian rocks 
in the area are S-type granitoids, which intruded the Tablelands Complex at 298–288 
Ma (Cawood et al., 2011a; Jeon et al., 2012; Rosenbaum et al., 2012).
A later stage of magmatic activity, attributed to a Late Permian to Early-Mid Triassic 
magmatic arc, occurred at ca 260–220 Ma and involved calc-alkaline volcanism and 
the emplacement of mainly I-type granitoids (Cawood, 1984; Veevers et al., 1994; 
Bryant et al., 1997; Kleeman et al., 1997; Vickery et al., 1997; Donchak et al., 2007; 
Cross et al., 2009; Cawood et al., 2011a; Li et al., 2012b). The Drake Volcanics, which 
occur west of the Emu Creek Block (Figs. A1.2, and A1.3), formed during an early 
stage of this magmatic activity (Cross et al., 2009). The youngest rocks in the study 
area are Triassic to Jurassic sedimentary rocks of the Clarence-Moreton and Surat 
basins and Cenozoic basalts (Figs. A1.2, and A1.3).
The oroclines of the southern part of the New England Orogen are evident in the 
curved geometry of several tectonostratigraphic markers, including the Devonian-
Carboniferous forearc basin, accretionary complex, the serpentinite belt of the Peel-
Manning Fault System, and Early Permian granitoids (Fig. A1.1; Korsch and Harrington, 
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1987; Cawood et al., 2011b; Glen and Roberts, 2012; Li et al., 2012a; Rosenbaum, 
2012; Rosenbaum et al., 2012). In addition, the orogenic-scale curvature has also been 
detected in magnetic fabrics using the anisotropy of magnetic susceptibility (Aubourg 
et al., 2004; Mochales et al., 2014). The timing of oroclinal bending is constrained to 
the Early to Middle Permian (299–260 Ma) based on the observation that the spatial 
distribution of Early Permian (298–288 Ma) granitoids follows the oroclinal structure, 
whereas younger (<260 Ma) magmatic rocks crosscut the oroclines (Fig. A1.1; Cawood 
et al., 2011a, 2011b; Rosenbaum et al., 2012).
A1.3.2. TAMWORTH BELT AND EMU CREEK BLOCK 
The Devonian-Carboniferous Tamworth Belt contains the largest and most complete 
known sequence of forearc basin rocks in the southern New England Orogen. The 
forearc basin has been segmented into a number of blocks with correlative successions 
(Fig. A1.1). They include the Rocky Creek, Nandewar and Werrie blocks in the west, 
and the Rouchel, Gresford, Myall and Hastings blocks in the south and east (Roberts 
et al., 2003, 2004, 2006; Roberts and James, 2010). Correlations between the different 
forearc basin blocks are supported by structural, stratigraphic, geochronological and 
paleomagnetic data (Roberts and Engel, 1987; Lennox and Roberts, 1988; Schmidt et 
al., 1994; Roberts et al., 1995b, 2003, 2004, 2006; Geeve et al., 2002).
Carboniferous forearc basin rocks consist of sandstone, mudstone, greywacke, 
limestone and conglomerate, as well as calc-alkaline, intermediate to felsic lavas, tuffs 
and ignimbrites (Crook, 1964; Leitch, 1974; Roberts and Engel, 1987; Roberts et al., 
2003, 2004, 2006). Sedimentary facies change from fluvial, shelfal or reef deposits 
in the west and south to deep marine turbidites in the east, with the overall basin fill 
sequence coarsening upwards (Leitch, 1974; Roberts and Engel, 1980, 1987). The 
provenance of detrital and volcanic material in the Tamworth Belt indicates that they 
were derived from a westerly magmatic arc, and the dominant transport direction from 
west to east supports the idea of accumulation above a west-dipping subduction zone 
(Crook, 1964; Leitch, 1974; Cawood, 1983; McPhie, 1987; Morris, 1988; Skilbeck and 
Cawood, 1994; Korsch et al., 2009a). North of latitude 29.5°S, the Tamworth Belt is 
concealed beneath the sedimentary cover of the Gunnedah and Surat basins (e.g., 
Wartenberg et al., 2003). The only possible exposures of this tectonic element around 
the eastern limb of the Texas Orocline are the Emu Creek Block and the Mount Barney 
Inlier (Fig. A1.1; Scheibner, 1976; Day et al., 1978; Cawood and Leitch, 1985).
The Emu Creek Block is approximately 45 km long and 20 km wide and is situated in 
northern New South Wales (Figs. A1.1, and A1.2). The Jump-up Fault juxtaposes the 
block against the Early Permian sedimentary rocks of the Razorback Creek Mudstone 
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Basin (Figs. A1.2, and A1.4; Thomson, 1974; Flood et al., 1994). The Emu Creek Block 
consists of moderately deformed, immature, shallow-marine sedimentary rocks of the 
Emu Creek Formation (Offenberg, 1968; Barron, 1973; Thomson, 1976; Murray et 
al., 1979, 1981). This formation has previously been informally divided into eastern 
and western units on the basis of the uppermost, eastern succession being derived 
from a shallower depositional environment, and comprising a larger proportion of 
sandstone and conglomerate than the underlying western succession (Murray et al., 
1981). Other early workers subdivided the block in various ways (Fig. A1.5). The Emu 
Creek Formation is considered to have a Late Carboniferous depositional age based 
on the occurrence of fossils from the Levipustula levis faunal assemblage (Andrews, 
1908; Voisey, 1936; McCarthy et al., 1974; Roberts et al., 1995a), which is a widespread 
Gondwanan fauna that marks a cold (possibly glacial) period (Cisterna and Sterren, 2010).
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Figure A1.5. Comparison of nomenclature from previous works on the Emu Creek Block.
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A1.4. GEOLOGY OF THE EMU CREEK BLOCK
Our new geological map of the Emu Creek Block (Fig. A1.2) integrates field observations 
with information from previously published maps (Olgers, 1972; McCarthy et al., 1974; 
Thomson, 1974; Murray et al., 1981; Flood et al., 1994) and mineral exploration reports 
(Griffiths et al., 1982, 1983; White and Meares, 1999; Brown et al., 2001). In order 
to identify faults and determine the extent of mappable units, we have also utilised 
Landsat 7 ETM+ images (from USGS), ternary radiometric images (from Geoscience 
Australia), and filtered aeromagnetic data (first vertical derivative and tilt-angle from 
Geoscience Australia).
A1.4.1. STRATIGRAPHY
The Emu Creek Block is herein subdivided into two formations (Fig. A1.3), which 
generally correspond with the informal eastern and western subdivisions described by 
Murray et al. (1981) and Flood et al. (1994). Following the recommendations of Flood 
et al. (1994), we propose that the former eastern Emu Creek Formation be renamed as 
the Paddys Flat Formation and that the former western Emu Creek Formation retains 
the name of Emu Creek Formation (Fig. A1.5).
Most of the sequence comprises immature sedimentary rocks that have been highly 
silicified and undergone burial type metamorphism. Owing to silicification, primary 
stratigraphic features, such as bedding, grain size and original composition, are 
commonly obscured. The silicified rocks appear to be extremely quartz-rich, although 
in many cases microscope petrography shows evidence for significant alteration 
and weathering, with a composition dominated by clay minerals that replace detrital 
feldspars and lithic clasts.
A1.4.2. EMU CREEK FORMATION 
The Emu Creek Formation consists predominantly of siltstone, thinly interlaminated 
with fine sandstone, and massive grey to black siltstones, as well as subordinate 
sandstone and conglomerate (Fig. A1.3a, and b). McCarthy et al. (1974) defined 
the type section at Oaky Creek (Fig. A1.2, site 19). The fine grain size, coupled with 
locally abundant marine macrofossils, suggests a shallow to moderately deep marine 
depositional environment. Erosive features such as scour marks (Fig. A1.6e), channel 
cuts, and rip up clasts occur, and are more common in the upper part of the sequence. 
Several isolated sedimentary structures suggest paleocurrent direction from the east 
or northwest, although not nearly enough to determine a definitive flow direction. 
Immature sandstone and conglomerate becomes more common and progressively 
thicker up-section, reflecting a gradual shallowing of the depositional environment.
10
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a.
S0
c.
e.
b.
d.
f.
Figure A1.6. Exposures of the Emu Creek Formation (a, c, e) and Paddys Flat Formation (b, d, f). 
(a) Exposure of grey, horizontal-planar-laminated siltstone and fine sandstone that is characteristic of 
the Emu Creek Formation along the Clarence River (looking south). (b) Exposure of thickly bedded 
sandstone that is characteristic of the Paddys Flat Formation, along Tooloom Creek at Eight Mile. (c) 
Undulating bedding in thinly bedded fine sandstone and siltstone. (d) Gently folded, thickly bedded, 
interlaminated sandstone and siltstone at Paddys Flat. (e) Volcanolithic sandstone layer showing graded 
bedding, infilling a scour mark in massive grey silicified siltstone at Oaky Creek. (f) Silicified coarse 
sandstone and clast-supported conglomerate in Tooloom Creek. 
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Towards the top of the Oaky Creek type-section, the ~30 m-thick Currawinya 
Conglomerate Member is encountered. This member is a polymictic, matrix-supported, 
pebble-boulder conglomerate, set in a medium-grained feldspathic sandstone matrix. 
The composition of clasts is variable, but generally includes a majority of quartz 
monzonite and granite, with proportions of silicified sandstone, mudstone and argillite 
varying between 30% and 50% (McCarthy, 1972). The Currawinya Conglomerate 
Member crops out sporadically in the upper part of the Emu Creek Formation, but is 
not sufficiently extensive to be used as a marker bed.
A 20 m stratigraphic section from the upper part of the Emu Creek Formation was 
measured at Big Fish Flat (Fig. A1.3b). The sequence largely comprises interlaminated 
sandstone and siltstone, cross-bedded sandstone, and polymictic matrix-supported 
cobble conglomerate. Calcareous sandstone lenses containing bryozoans and crinoid 
ossicles are locally abundant. Similar sequences along the upper Clarence River 
(Fig. A1.2) contain an abundance of fine-grained and thinly bedded volcanolithic to 
feldspathic sandstone, which is commonly turbiditic and interlaminated with siltstone 
(Fig. A1.6a, and c), as well as subordinate conglomerate, massive sandstone channels, 
and rare shelly limestone olistostromes. A representative stratigraphic section of this 
part of the Emu Creek Formation is presented in Figure A1.3a.
A1.4.3. PADDYS FLAT FORMATION
The Paddys Flat Formation lies to the northeast of the Emu Creek Formation (Fig. 
A1.2). Northeast-dipping bedding in the vicinity of the inferred contact suggests that 
the Paddys Flat Formation overlies the Emu Creek Formation (Figs. A1.2, and A1.4). 
Owing to poor outcrop conditions, the exact nature of the contact between the two 
units remains unclear. 
The Paddys Flat Formation may be differentiated from the Emu Creek Formation by 
its tabular outcrop morphology (Fig. A1.6b), reflecting the dominance of thickly bedded 
sandstone and conglomerate layers (Fig. A1.3c, and d). Sandstones are typically 
immature and predominantly composed of feldspars and lithic fragments that have 
been subsequently altered to clay. Conglomerates are typically polymictic pebble-
cobble and clast supported, containing an abundance of porphyritic andesite and 
dacite clasts, with subordinate silicified mudstone, sandstone and quartz monzonite 
(Fig. A1.6f). The presence of cross-bedding, ripple marks and rare burrows suggests 
a near shore, possibly deltaic depositional environment. Several isolated sedimentary 
structures suggest paleocurrent direction from the east or northwest, although not 
nearly enough to determine a definitive flow direction.
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A large cliff outcrop at Paddys Flat (Fig. A1.2, site 85) is the type section (Fig. A1.3c) for 
the Paddys Flat Formation (Olgers and Flood, 1970; Olgers et al., 1974). The succession 
here comprises well-bedded sandstone (Fig. A1.6d) with lesser conglomerate, and 
minor interlaminated sandstone and grey siltstone. The lower 20 m of the column is 
much finer-grained with a larger proportion of laminated siltstone. An approximately 
10 m-thick conglomerate layer is found 105 m from the base of the column, extending 
for several hundred metres along strike (Fig. A1.3c).
Another stratigraphic column from Eight Mile (Fig. A1.2, site d) is proposed as a 
secondary type section (Fig. A1.3d). The sequence consists predominantly of coarse-
grained clastic sedimentary rocks, with the lower 30 m containing thick, massive 
sandstone lenses and channels, as well as thin beds of grey laminated siltstone and 
sandstone (Figs. A1.3d, and A1.6b). The upper 120 m of the section is characterised 
by sheet-like sandstone beds, interbedded with several polymictic, pebble-cobble 
conglomerate sequences up to 12 m thick near the top (Fig. A1.3d). The sandstone is 
generally well bedded, commonly displaying cross-bedding or interlamination with grey 
siltstone, giving it a banded appearance. Unidentified bryozoan fossils are observed in 
rare, thin, clay-rich layers in the upper parts of the column.
a. b.
c.
n=5
n=136, 2% contoursn=61, 2% contours
Figure A1.7. (a) Stereographic projections of contoured poles to bedding from the Paddys Flat Formation, 
showing upright, gentle folding about a sub-horizontal NW-SE fold axis (β-axis orientation 15/127). (b) 
Stereographic projections of contoured poles to bedding from the Emu Creek Formation, showing gentle 
to moderate upright folding about a horizontal NW-SE fold axis (β-axis orientation 04/143). (c) Field 
photograph of S1 spaced cleavage in argillaceous sandstone. Cleavage is observed only locally, within 
higher strain regional folds in the Emu Creek Formation. Stereoplot depicts S1 cleavage planes. The 
average orientation of 79/079 is consistent with folding in the Emu Creek Block.
A1.4.4. DEFORMATION 
A1.4.4.1. FOLDS
The Emu Creek Block has been affected 
by regional-scale folding (Fig. A1.2). The 
folds in the Paddys Flat Formation are 
typically open, steeply inclined folds, with 
NW-striking axial traces and shallowly 
SE-plunging hinges (β-axis plunge/plunge 
direction: 15/127; Fig. A1.7a). In contrast, 
folds in the Emu Creek Formation are tight, 
asymmetric and steeply inclined, with NW-
striking axial traces and subhorizontal 
SE-trending hinges (β-axis plunge/plunge 
direction: 04/143; Fig. A1.7b). In outcrops, 
13
Appendix 1
shallowly plunging, open folds with wavelengths of several metres and amplitudes 
of less than 1 m are common (Fig. A1.6c, and d). Rare axial plane foliation (average 
orientation 79/079, dip/dip direction) is locally developed as a spaced cleavage in the 
Emu Creek Formation, particularly in the proximity of fold hinges in the southern part 
of the block (Figs. A1.2, and A1.7c).
A1.4.4.2. FAULTS 
Major faults in the Emu Creek Block were rarely observed in outcrops, but can be 
inferred from interpretation of aeromagnetic and ternary radiometric data (Fig. A1.8). 
Faults have been inferred where breaks in topography or lineaments coincide with 
abrupt changes in structural fabric or discontinuities in the geophysical data. Steeply 
dipping NW-striking faults are observed throughout the block and crosscut folded 
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Figure A1.8. Ternary radiometric image and geology of faulted regions within the Emu Creek Block. (a) 
N-S-striking fault crosscutting the Emu Creek Formation, Permian rocks and earlier NW-striking faults 
(including the Jump-up Fault) with up to 800 m of dextral offset. (b) NE-striking faults displacing earlier 
NW-striking Jump-up Fault with up to 2 km of dextral offset.
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bedding. The Jump-up Fault is the most significant of these structures, marking the 
western boundary of the Emu Creek Block (Fig. A1.2). The throw on the Jump-up Fault 
must be at least several kilometres, as constrained by the omission of the Paddys Flat 
Formation. There is some evidence that the NW-striking faults observed within the 
block have experienced at least minor reverse movement. The exact displacement 
could not be quantified, but the lack of lithological and structural contrast across the 
fault plane suggests a relatively small throw. It is unclear how these faults and their 
kinematics are related to the Jump-up Fault at the western margin of the block.
A second set of faults oriented ~N-S are 
observed within the Emu Creek Block, 
and are parallel to the large-scale Demon 
Fault farther west (Figs. A1.2, and A1.8a; 
Korsch et al., 1978; Babaahmadi and 
Rosenbaum, 2013). These faults are 
thought to be subvertical on the basis of 
their linear map-view geometry despite 
topographic variations. The faults are 
observed to displace the earlier NW-
striking faults (Fig. A1.2). Slickenlines 
are subhorizontal to shallowly plunging, 
indicating a predominantly strike-slip 
displacement (Fig. A1.9a). Dextral 
apparent offset of up to 800 m are 
measured by the displacement of rock 
units and earlier structures in ternary 
radiometric images (Fig. A1.8). A number 
Riedel shears 
R
iedel shears 
10 cm
10 cm
16/040
06/190
30/349
c.
b.
a.
Figure A1.9. (a) Slickenlines on multiple fracture 
planes in a N-S fault zone at Rivertree indicate 
predominantly strike slip kinematics. (b) Oblique 
foliation and lensoid structures in the NW-striking 
Oaky Creek fault, indicating dextral (strike slip or 
oblique slip) kinematics. The dominant foliation 
dips steeply to the NE. (c) Dextral accommodation 
fault juxtaposing volcanolithic sandstone (top) 
against silicified siltstone (bottom) within regional 
fold in Oaky Creek. Well-developed Riedel shears, 
lensoid structures and oblique foliation in the 
cataclastite indicate dextral (strike slip or oblique 
slip) kinematics. The fault plane dips steeply to the 
NE, roughly coaxial with fold axial planes.
15
Appendix 1
of ~NE- and ~NW-striking faults are identified (Figs. A1.2, A1.8b, A1.9b, and c) and 
are thought to be related to the larger N-S fault system. The NE-striking structures are 
better developed, and both sets of faults typically have minor, dextral apparent offset 
(Fig. A1.9b, and c).
A1.5. PROVENANCE AND DEPOSITIONAL AGE OF THE EMU CREEK 
BLOCK 
A1.5.1. ANALYTICAL METHODS
In order to determine the provenance of the Emu Creek and Paddys Flat formations 
and assess the suggested correlation with the Tamworth Belt, we have dated detrital 
zircons using Laser Ablation Induction Coupled Plasma Mass Spectrometry. Rock 
samples were prepared by crushing and sieving to obtain particles that are finer 
than 500 μm. Heavy mineral separation was achieved progressively using a Wilfley 
table, Frantz magnetic separator and lithium heteropolytungstate (LST) heavy liquids. 
Individual zircons were handpicked irrespective of their size, colour and morphology. 
The selected specimens were mounted in epoxy resin, polished and coated in carbon, 
before imaging with a Jeol JSM5410LV scanning electron microscope with an attached 
cathodoluminescence detector.
U-Pb isotopic compositions were measured in a He ablation atmosphere using a 
GeoLas 200 Excimer Laser Ablation System using beam diameters of 32 μm or 24 μm 
together with an inductively coupled plasma mass spectrometer (Varian 820-MS) 
at the Advanced Analytical Centre of James Cook University. Mass bias and U-Pb 
fractionation were corrected by external standardisation using the GJ-1 zircon as 
a primary standard (TIMS 207Pb/206Pb age = 608.5 ± 0.4 Ma; Jackson et al., 2004). 
Accuracy was checked using secondary zircon standards FC-1 (TIMS 207Pb/206Pb age 
= 1099.0 ± 0.6 Ma; Paces and Miller, 1993) and Temora-2 (TIMS 206Pb/238U age = 
416.78 ± 0.33 Ma; Black et al., 2004). Data processing was achieved using Glitter 
software version 4.4.3 (Jackson et al., 2004) and ages were calculated using Isoplot 
software (Ludwig, 2003). Analyses that were above 10% discordance, as well as those 
with elevated common Pb (background corrected 206Pb/204Pb <1000), were excluded. 
Grain ages were calculated using 207Pb/206Pb for isotopic ratios that appear to be older 
than 0.9 Ga and 206Pb/238U for younger ones as suggested by Gehrels (2011). Our 
reported mean age for Temora-2 (417.1 ± 1.2 Ma, n = 53, MSWD = 1.06, prob. = 0.36) 
and FC1 (1099.1 ± 7.2 Ma, n=41, MSWD = 0.28, prob. = 1) are within error of the 
known ages (Paces and Miller, 1993; Black et al., 2004). Geochronological data are 
available as supplementary online material and in Digital Appendix 4.
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Figure A1.10. Geochronology of the Emu Creek Block. Age-probability plots of detrital zircon ages from 
the (a) Paddys Flat Formation and (b) Emu Creek Formation. Mean weighted ages of the youngest 
detrital zircon populations, (c) Paddys Flat Formation, (d) Emu Creek Formation. Box heights are 1σ error.
A1.5.2. GEOCHRONOLOGICAL RESULTS
A total of 274 concordant ages were obtained from 337 analyses of detrital zircons in 
clastic sedimentary rocks from the Paddys Flat (three samples) and Emu Creek (one 
sample) formations (Fig. A1.10, see Figs. A1.2, and A1.3 for locations of samples). In 
all four samples, approximately 94% of concordant analyses were of Late Devonian 
to Carboniferous age, with the vast majority of ages between 320 and 355 Ma (Fig. 
A1.9a, and b). There is also a change in the age of the dominant zircon population 
between the formations, from ca 355 Ma in the Paddys Flat Formation to ca 330 Ma in 
the Emu Creek Formation (Fig. A1.10a, and b). Out of the 274 concordant analyses, 
only 11 recorded ages that were older than continental arc magmatism in the New 
England Orogen (i.e., older than Devonian). 
The youngest clasts in a sedimentary rock provide a constraint on the maximum age 
of deposition. The maximum depositional age for each sample was calculated using 
the mean weighted average age of the youngest population, defined as the youngest 
peak on the probability density plots (Fig. A1.10), consisting of three or more zircons 
overlapping within 2σ error. The age of the youngest peak in the Paddys Flat Formation 
is consistent across the different samples, suggesting that the data can be combined 
to confidently determine the maximum depositional age of the formation (Fig. A1.10a). 
Our calculated age of the youngest population in the combined Paddys Flat Formation 
samples is 305.5 ± 1.4 Ma (Fig. A1.10c). The calculated age of the youngest population 
from the underlying Emu Creek Formation is 323.2 ± 2.3 Ma (Fig. A1.10d).
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A1.6. DISCUSSION
A1.6.1. TIMING OF DEPOSITION AND STRATIGRAPHIC IMPLICATIONS
Our youngest detrital zircon populations provide maximum depositional age constraints 
for the Emu Creek and Paddys Flat formations of 323.2 ± 2.3 Ma and 305.5 ± 1.4 Ma, 
respectively (Fig. A1.10c, and d). Based on the assumption that active convergent 
continental margins are typically subjected to rapid rates of crustal generation and 
recycling (e.g., Cawood et al., 1999, 2012; Dickinson and Gehrels, 2009; Jeon et al., 
2012), we interpret these ages as the approximate ages of deposition. In particular, Jeon 
et al., (2012) demonstrated that crustal recycling in the southern New England Orogen was 
extremely rapid during the latest Carboniferous, when detritus was eroded, deposited and 
buried, before melting to form S-type granitoids, within a time span of ca 15 My.
Four slightly discordant zircons from the Paddys Flat Formation were found to have 
Early Permian apparent ages (Fig. A1.10a). These anomalously young ages appear to 
result from lead loss as they are up to 10% discordant and plot below concordia. One 
zircon with a Late Carboniferous apparent age was excluded from the age calculation 
for the Emu Creek Formation (Fig. A1.10b). This analysis plotted below concordia 
probably owing to Pb loss, and its apparent age is inconsistent with the abundant fossil 
evidence from the formation.
Marine macrofossils of the Levipustula levis biozone indicate a Namurian (326 to 
313 Ma) age for the Emu Creek Formation (Andrews, 1908; Voisey, 1936; McCarthy 
et al., 1974; Roberts et al., 1995a). Sample 19 was collected from the Emu Creek 
Formation just below an occurrence of L. levis (McCarthy et al., 1974, locality L1265). 
Our suggested depositional age for the Emu Creek Formation (ca 323 Ma) is therefore 
consistent with the fossil record. However, the previously suggested Namurian age 
of the overlying Paddys Flat Formation, which was based on a single observation of 
L. levis zone fossils in the upper part of the formation (McCarthy et al., 1974, locality 
L1124), is not consistent with our inferred depositional age of ca 305 Ma. Thus, the 
presence of rare L. levis fossils in the Paddys Flat Formation likely resulted from 
reworking and incorporation of material from the underlying, fossiliferous Emu Creek 
Formation.
The type of contact between the Emu Creek and Paddys Flat formations has been 
previously suggested to be an angular unconformity, which occurred lower in the 
sequence (at the level of the Currawinya Conglomerate), and separated Carboniferous 
from Permian rocks (Olgers and Flood, 1970; Olgers et al., 1974). Other workers 
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(McCarthy et al., 1974; Murray et al., 1981) argued that there is no field evidence 
for an unconformity at this stratigraphic level. These authors also indicated that 
Carboniferous fossils were observed above the contact of Olgers and Flood (1970). 
Although the contact was not directly observed in the field, our new constraints on the 
timing of deposition indicate a significant time break between the maximum constraints 
for deposition of the two formations, suggesting that the contact is not conformable. 
Our field observations suggest that the contact between the Emu Creek and Paddys 
Flat formations occurs higher in the sequence than was suggested by Olgers and 
Flood (1970), and is either a disconformity or slight angular unconformity. In addition, 
the depositional environment of the Paddys Flat Formation is shallower than the 
underlying Emu Creek Formation, indicating that any unconformity was accompanied 
by sea-level regression that may have developed in response to Late Carboniferous 
glaciation (Fielding et al., 2008).
A1.6.2. PROVENANCE AND TECTONIC SETTING OF THE EMU CREEK BLOCK
The abundance of immature, relatively coarse, volcanolithic sandstones, as well as 
the dominance of magmatic clasts in conglomerates, implies that the source region 
was a proximal magmatic province. The vast majority of detrital zircon ages (94%) 
are between 355 and 320 Ma (Fig. A1.10), which is consistent with a previously 
suggested peak activity in the magmatic 
arc of the southern New England Orogen 
(Glen, 2005). The general lack of zircons 
older than Devonian (~4%) suggests 
that a barrier existed between the area 
of deposition and the continent. In a 
convergent margin tectonic setting, such 
a barrier could represent, for example, a 
backarc basin or a magmatic arc.
The dominance of immature detritus 
and the style of sedimentation in the 
Emu Creek Block, in conjunction with 
depositional age constraints and detrital 
zircon age spectra, suggest that the 
succession of the Emu Creek Block 
is that of a forearc basin. The tectonic 
setting of a sedimentary sequence is 
CB
A
Paddys Flat fm.
Emu Creek fm.
Trench volcanogenic (E. Aust)
Forearc Basin (W. USA)
Backarc Basin (E Aust.)
C
um
ul
at
iv
e 
pr
op
or
tio
n 
(%
)
0 500 1000 1500 2000 30002500
Crystallization age - deposition age (Ma)
0
100
Figure A1.11. Cumulative probability plot of Emu 
Creek Block zircon data (modified after Cawood 
et al., 2012). Our data are shown relative to other 
samples from convergent tectonic settings and 
the generalised fields for basins in convergent 
(A), collisional (B) and extensional (C) tectonic 
settings (Cawood et al., 2012). Note that the x-axis 
depicts the difference between the age of zircon 
crystallisation and inferred time of deposition, and 
is thus reflecting the time span from source to sink.
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reflected in its detrital zircon age spectra (e.g., Cawood et al., 2012). Figure A1.11 
shows the cumulative proportion of detrital zircon ages against the time span between 
crystallisation and deposition, for different sedimentary sequences. The similarity of the 
Emu Creek and Paddys Flat formations age spectra indicates that they share the same 
tectonic setting and that, together, they represent the tectonic setting of the Emu Creek 
Block. The curves for the Emu Creek Block clearly fall within the convergent margin 
range and largely overlap with the age spectra from the Great Valley forearc basin in 
California and volcanogenic sandstones from the New England Orogen accretionary 
complex (Fig. A1.11; Cawood et al., 2012). The characteristic steep profiles of the 
forearc lithologies are attributed to a combination of contemporaneous arc magmatism 
and sedimentation. Backarc basins exhibit a more complex profile because, in addition 
to arc material, they capture detritus from the adjacent continent. The high similarity of 
the detrital zircon age spectra with other forearc basins and the New England Orogen 
accretionary complex supports our suggestion that the Emu Creek Block is a Late 
Carboniferous forearc basin.
A1.6.3. CORRELATION WITH THE TAMWORTH BELT
The conclusion that the Emu Creek Block is part of the Carboniferous forearc basin of 
the New England Orogen provides an opportunity to correlate its stratigraphy with other 
forearc basin blocks. Basins in convergent tectonic settings commonly contain multiple 
depocentres and display lateral variability in sedimentary facies and lithology. Figure 
A1.12 presents a chronostratigraphic correlation of known forearc basin blocks from the 
southern New England Orogen (after Glen and Roberts, 2012). Biostratigraphic faunal 
assemblages in the Emu Creek Block and Tamworth Belt, in particular the L. levis 
biozone, may also indicate a temporal correlation between Namurian age sequences 
in each block. Our new radiometric ages are coeval with in situ zircon ages obtained 
from ignimbrites and other volcanic rocks in the western Tamworth Belt, which are 
thought to represent arc rocks that are intercalated with the volcanogenic forearc basin 
sediments (Roberts et al., 1995a, 2003, 2004, 2006).
Magmatic rocks in the Tamworth Belt are more prevalent in the western part than in the 
east, which is generally thought to reflect closer proximity to the westerly magmatic arc. 
A decrease in the proportion of magmatic rocks towards the east therefore suggests 
an eastward ocean-pointing vector. The sedimentary facies across the forearc region 
typically reflects a change from shoreface and shallow marine deposition of clastic 
and volcanic rocks near the flanks of the arc, to deeper deposition of finer material, 
with less volcanic rocks towards the east. The lack of igneous rocks in the Emu Creek 
Block, in conjunction with a marine depositional environment, suggests that this block 
is correlative to the eastern part of the Tamworth Belt.
20
Appendix 1
Forearc basin blocks that could correlate with the Emu Creek Block exist in the 
Tamworth Belt, within which the most proximal are the Rocky Creek, Nandewar 
and Werrie blocks (Fig. A1.12). We suggest that the eastern parts of these blocks 
would represent the most similar sedimentary and tectonostratigraphic environments; 
however, suitably aged rocks are absent from this area. Within these blocks, there are 
a number of formations that chronologically correspond with our constraints on the 
Emu Creek Block (e.g., Lark Hill, Currabubula and Willuri formations). The Emu Creek 
and Paddys Flat formations may therefore represent more arc-distal equivalents of 
these formations.
A1.6.4. IMPLICATIONS FOR OROCLINAL BENDING 
The structural grain of the Emu Creek Block, which is defined by the strike of bedding 
and fold axial traces, is aligned approximately NW-SE, and parallel to the long axis of 
the block (Fig. A1.2). This orientation is parallel to the structural fabric in the accretionary 
complex rocks (Korsch, 1981; Li et al., 2012a), and the general trend of the eastern 
limb of the Texas Orocline (Fig. A1.1), suggesting that folding in the Emu Creek Block 
occurred before the formation of the orocline, possibly during a transient period of 
increased plate coupling. Rocks in the western limb of the Texas Orocline display 
analogous features, with axial traces in the northern Tamworth Belt aligned parallel to 
the adjacent accretionary complex structural fabric. These orocline-parallel structures 
may thus provide an indication of the amount of block rotation that accompanied 
oroclinal bending. These structures indicate that for an original quasi-linear forearc 
basin belt, rotation of 135–160° around vertical axis was required in order to bring 
the Emu Creek Block to its current position. While these constraints could potentially 
provide kinematic information on the process of oroclinal bending, we emphasise that 
it is still unclear whether or not the original trend of the forearc basin was indeed linear. 
This issue should be addressed by means of paleomagnetic investigations.
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A1.7. CONCLUSION 
The Emu Creek Block comprises two distinct lithological units: the Emu Creek 
Formation and the Paddys Flat Formation, which are differentiated by their lithology, 
depositional environment and age. New U-Pb detrital zircon geochronology indicates 
that detritus was derived from the New England Orogen magmatic arc and that the 
Emu Creek Block is a part of the Carboniferous forearc basin. The new time constraints 
also suggest that the Emu Creek and Paddys Flat formations were deposited during 
the middle and latest Carboniferous, respectively. Our results validate the previously 
suggested correlation of the Emu Creek Block with the Tamworth Belt, with the Emu 
Creek Block strata interpreted to represent an arc distal equivalent of the eastern part 
of the Rocky Creek, Nandewar and Werrie blocks. Our results provide an independent 
constraint on the geometry of the Texas and Coffs Harbour oroclines, and suggest that 
the whole block was subjected to vertical-axis rotations during oroclinal bending.
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This Appendix is in review for publication in Tectonophysics as:
Paleomagnetic and geochronological study of 
Carboniferous forearc basin rocks in the southern New 
England Orogen (eastern Australia)
Pisarevsky, S., Rosenbaum, G., Shaanan, U., Hoy, D., Speranza, F., and Mochales, T.
A2.1. ABSTRACT
We present the results of first paleomagnetic study of the Carboniferous sedimentary 
rocks of the Emu Creek terrane and new paleomagnetic data from the northern 
Tamworth terrane of the New England Orogen in eastern Australia. Two remanence 
components have been isolated during thermal and alternating field demagnetisations 
of Emu Creek rocks – middle-temperature Component M and high-temperature 
Component H. Component M is post-folding and was likely acquired during low-
temperature oxidation at 65–35 Ma. Component H is pre-folding, but its comparison 
with the paleomagnetic data from coeval rocks in the north Tamworth terrane on the 
other limb of Texas Orocline does not indicate expected rotations around a vertical 
axis, which are supported by geological data. The likely explanation for this apparent 
discrepancy is that Component H postdates the oroclinal bending, but predates folding 
in late stages of the 265–230 Ma Hunter-Bowen Orogeny. The post-Kiaman age of 
Component H is supported by the presence of an alternating paleomagnetic polarity 
in the studied rocks. A paleomagnetic study of volcanic and volcaniclastic rocks in the 
Boomi Creek area (northern Tamworth terrane) revealed a stable high-temperature 
pre-folding characteristic remanence, and new U-Pb zircon dating of these rocks 
suggests that the age of this remanence is c. 318 Ma. The new paleopole (37.5°S, 
181.1°E, A95=15.7°) is consistent with previously published poles from coeval rocks 
of the northern Tamworth terrane. The combination of our new paleomagnetic and 
geochronological data with previously published results allows us to develop a revised 
kinematic model of the New England Orogen from 340 Ma to 270 Ma. 
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Figure A2.1. (a) New England Orogen; (b) Simplified tectonostratigraphic map of the southern New 
England Orogen. DF – Demon Fault; Ec – Emu Creek; Gr – Gresford; Ha – Hastings; Mb – Mount 
Barney; My – Myall; Na – Nandewar; Nb – Nambucca; PMFS – Peel-Manning Fault System; HMF – 
Hunter-Mooki Fault; Rc – Rocky Creek; Ro – Rouchel; We – Werrie; (c) geological map and sample 
locations in the Emu Creek terrane.
A2.2. INTRODUCTION
The New England Orogen, which is the 
youngest segment of the Tasmanides in 
eastern Australian (Fig. A2.1), developed 
as an accretionary orogen during the 
late Paleozoic and early Mesozoic along 
the Pacific margin of the Gondwana 
supercontinent (Cawood, 2005). The 
orogen predominantly consists of 
Devonian-Carboniferous subduction 
related units (magmatic arc, forearc basin 
and accretionary complex), which are 
partly covered or intruded by younger 
sedimentary and magmatic rocks (Fig. 
A2.1b). The southern part of the New 
England Orogen exhibits a doubly vergent 
oroclinal structure with the southern 
(Manning and Nambucca oroclines) 
and northern (Texas and Coffs Harbour 
oroclines) segments displaying S- and 
Z-shaped geometries, respectively. The 
oroclines formed during the Early Permian 
(299–270 Ma), but their geodynamic 
evolution is controversial (e.g., Murray et 
al., 1987; Korsch and Harrington, 1987; 
Glen, 2005; Offler and Foster, 2008; 
Cawood et al., 2011; Glen and Roberts, 
2012; Rosenbaum, 2012b; Rosenbaum 
et al., 2012; Shaanan et al, in press), 
particularly due to the scarcity of robust 
constraints on the kinematics of oroclinal 
bending.
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Figure A2.2. Chronostratigraphic correlation of the sampling sits. Red circles denote SHRIMP zircon 
analyses with usage of AS3 standard and in one case (Roberts et al., 2003; Roberts et al., 2006; 
Roberts and James, 2010). LA-ICP-MS zircon analyses (TEM and GJ1 standards) of igneous rocks (this 
study) are denoted by green circles. LA-ICP-MS detrital zircon data (Hoy et al., 2014) marks maximum 
depositional age constraints and are denoted by yellow circles.
The largest and most prominent curvature in the New England Orogen is the Texas 
Orocline (Fig. A2.1b). Part of the orocline is concealed beneath younger sedimentary 
rocks of the Surat Basin (Brooke-Barnett and Rosenbaum, 2015), but the curvature 
is clearly evident in aeromagnetic images (e.g., Brooke-Barnett and Rosenbaum, 
2015), magnetic fabric (Aubourg et al., 2004; Mochales et al., 2014), and in the curved 
structural fabric of accretionary complex rocks (Lennox and Flood, 1997; Li et al., 
2012). An additional independent marker of the orogenic curvature is the occurrence 
of Carboniferous forearc basin rocks that are suggested to be correlative on both limbs 
of the Texas Orocline (Hoy et al., 2014), with the Emu Creek terrane exposed on the 
eastern limb, and the Rocky Creek Block (northernmost part of the Tamworth terrane) 
exposed on the western limb (Fig. A2.1b). The correlation between the Emu Creek and 
northern Tamworth terranes (Fig. A2.2) was based on similar biostratigraphic faunal 
assemblages, depositional environment, provenance, and geochronology (Hoy et al., 
2014), but their spatial relations prior to oroclinal bending have hitherto not been established.
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Paleomagnetic studies provide a powerful tool to reconstruct rotations of continents and 
terranes in general, and are thus of particular importance for oroclinal structures (e.g., 
Johnston, 2001; Van der Voo, 2004; Weil et al., 2010; Gutiérrez-Alonso et al., 2012). 
In the southern New England Orogen, Schmidt et al., (1994) studied the Serpukhovian 
Kullatine Formation in the Hastings Block (Fig. A2.1b) and suggested 130° clockwise 
or 230° anticlockwise rotation of this block with respect to the Australian craton. 
Paleomagnetic data from Visean rocks in the Rouchel, Gresford and Myall terranes 
(Fig. A2.1b) of the Manning Orocline (Geeve et al., 2002) were interpreted as post-
Visean anticlockwise block rotations of 80°, 80° and 120°, respectively. These rotations 
are consistent with the hypothesised geometry of the southern segment of the oroclinal 
structure (e.g., Rosenbaum, 2012a; Li and Rosenbaum, 2014). However, Cawood et 
al., (2011) have proposed a different kinematic model and demonstrated that such 
large apparent rotations could be partly explained by long distance movements of 
these blocks in medium or high latitudes.
The aim of this paper is to refine previous kinematic reconstructions of the southern New 
England Orogen (Cawood et al., 2011) using new paleomagnetic and geochronological 
data. We attempt to quantify vertical axis block rotations around the Texas Orocline, 
and to test whether such rotations are consistent with suggested models for oroclinal 
bending (e.g., Murray et al., 1987; Korsch and Harrington, 1987; Glen, 2005; Offler 
and Foster, 2008; Cawood et al., 2011; Glen and Roberts, 2012; Rosenbaum, 2012b; 
Rosenbaum et al., 2012; Shaanan et al., 2014). We present new paleomagnetic data 
from Carboniferous rocks in the Emu Creek and northern Tamworth terranes (Fig. 
A2.1), and U-Pb geochronological results that further refine stratigraphic relations in 
the northern Tamworth terrane.
A2.3. GEOLOGY AND SAMPLING
The northern Tamworth terrane is commonly subdivided into two blocks, the Rocky 
Creek Block in the north and the Werrie Block in the south (Figs. A2.1 and A2.2). These 
blocks consist of predominantly Devonian and Carboniferous volcanic, volcaniclastic 
and sedimentary rocks, which were deposited in a forearc basin setting (Day et al., 1978). 
Previous paleomagnetic studies have been conducted on Visean to Kasimovian rocks 
from both the Rocky Creek and Werrie blocks (Opdyke et al., 2000; Klootwijk, 2002, 
2003). Subsequent stratigraphic and U-Pb SHRIMP geochronological investigations 
(Roberts et al., 2003; Roberts et al., 2006; Roberts and James, 2010) significantly 
improved the resolution of chronostratigraphic relationships in the Rocky Creek and 
Werrie blocks (Fig. A2.2). The Visean Caroda Formation (Fig. A2.2) is exposed in the 
Boomi Creek area, and has been studied paleomagnetically by Opdyke et al., (2000) 
and Klootwijk (2002).
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Rocks in the northern Tamworth terrane are part of a fold-thrust belt, and have been 
moderately deformed and metamorphosed under low-grade (<200°C) conditions 
(Woodward, 1995, Offler et al., 1997). Deformation is characterised by west vergent 
faults and non-cylindrical folds, which are oriented predominantly NNW-SSE, parallel to 
the structural grain of the orogen (Korsch, 1977). The eastern and western boundaries 
of the terrane are defined by major fault contacts, which are the Peel-Manning Fault 
System and the Hunter-Mooki Fault, respectively (Fig. A2.1).
The Emu Creek terrane is a fault-bounded block of ~ 45x20 km aligned along the 
eastern limb of the Texas Orocline (Fig. A2.1b, and c). The block consists of slightly 
deformed, immature, shallow-marine sedimentary rocks of the Serpukhovian to 
Gzelian Emu Creek and Paddys Flat formations (Fig. A2.2; Hoy et al., 2014). The 
age of the Emu Creek Formation is constrained by the occurrence of fossils from the 
Levipustula levis assemblage (Voisey 1936; McCarthy et al., 1974; Roberts et al., 
1995), which indicates Bashkirian-Serpukhovian (323–315 Ma) age. Recent detrital 
zircon study of this terrane yielded maximum depositional age constraints for the Emu 
Creek Formation and unconformably overlying Paddys Flat Formation of c. 323 Ma 
and c. 306 Ma, respectively (Hoy et al., 2014). The age constraints, in conjunction 
with paleontological data, suggest that the Emu Creek and Paddys Flat formations 
can be considered as a broad correlative to the Currabubula Formation in the northern 
Tamworth terrane (Fig. A2.2; Hoy et al., 2014).
The Emu Creek terrane has been affected by gentle to tight NE-striking folds and both 
normal and strike-slip faults (Hoy et al., 2014), although the timing of deformation is not 
quite clear. Contractional deformation may have occurred at 265–230 Ma during the 
so-called Hunter-Bowen Orogeny (e.g., Holcombe et al., 1997).
We collected 99 oriented samples from 11 sites in the Rocky Creek Block (Fig. A2.1d). 
Most sampling locations (8 out of 11 sites) are from volcanic and volcaniclastic rocks 
exposed in Boomi Creek (Fig. A2.1d). These rocks are mapped as part of the Caroda 
Formation (Fig. A2.2; Brown et al., 1992), but Klootwijk (2003) suggested that their 
age is younger. To address this problem, we conducted U-Pb zircon geochronology on 
two samples from the Boomi Creek section (sites NT02 and NT04, see section 4.5). 
These two samples are separated by ~20 m of stratigraphic thickness of intermediate-
felsic volcanic rocks that are continuously exposed along Boomi Creek. In the Emu 
Creek terrane, we collected 106 oriented samples from 14 sites for paleomagnetic 
purposes in Emu Creek and Paddys Flat formations (Fig. A2.1c). Both magnetic and 
sun compasses have been used for sample orientation and 1 to 3 specimens have 
been obtained from each drill sample. 
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A2.4.1. EMU CREEK TERRANE
The natural remanent magnetisation of 
the studied rocks ranges from 0.2 to 700 
mA/m, and their magnetic susceptibility 
from 8 to 14x10−5 SI units. The AF 
demagnetisation in most cases was 
not effective and yielded inconsistent 
paleomagnetic directions. Therefore, 
the majority of specimens have been 
thermally demagnetised.
About 30% of the specimens do not 
carry stable remanence and show 
chaotic directional behaviour. Fifty 
seven specimens from 11 sites carry 
a stable low-middle temperature 
remanence component, which 
completely disappears after 300°C 
(Fig. A2.3a). The further heating in 
most cases does not reveal any stable 
remanence. We suggest that this mid-
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A2.4. PALEOMAGNETISM
The paleomagnetic study has been carried out in a magnetically shielded room hosted 
in the paleomagnetic laboratory of INGV (Istituto Nazionale di Geofisica e Volcanologia) 
in Rome, Italy. Remanence composition was determined by detailed stepwise thermal 
demagnetisation (≤20 steps, to 650°C) using a 2G Enterprises DC-superconducting 
quantum interference device cryogenic magnetometer and a Pyrox shielded oven, and 
stepwise alternating field (AF) demagnetisation yielded by three coils online with the 
magnetometer (≤10 steps, up to 100 mT). Magnetic susceptibility has been measured 
with KLY-2 kappa-bridge (Geofyzika, Brno).
Table A2.1.  Paleomagnetic directions: 
Emu Creek and Paddys Flat formations (M 
component). N/n = number of demagnetised/
used samples; Slat, Slong = locality latitude, 
longitude; Decl, Incl = site mean declination, 
inclination; k = best estimate of the precision 
parameter of Fisher (1953); α95 = the semi-angle 
of the 95% cone of confidence; PF = Paddys 
Flat Formation; EC = Emu Creek Formation.
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Figure A2.3. Examples of thermal demagnetisations of sedimentary rocks of the Emu Creek and 
Paddys Flat formation. In orthogonal plots, open (closed) symbols show magnetisation vector endpoints 
in the vertical (horizontal) plane; curves show changes in intensity during demagnetisation. Stereoplots 
(Lambert projection) show upwards (downwards) pointing paleomagnetic directions with open (closed) 
symbols; (a) M component; (b) H component; (c) both components.
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temperature component (Component M) 
is carried by maghemite – the product of 
low-temperature oxidation or weathering 
(Dunlop and Özdemir, 1997; page 
58). The sharp drop in the remanence 
intensity after heating over 300°C (Fig. 
A2.3a) probably reflects the inversion of 
maghemite into hematite (Dunlop and 
Özdemir, 1997; page 59). Table A2.1 and 
Figure A2.4 show the site-mean directions 
of Component M in situ and after the tilt 
correction. The component is bipolar. The 
reversal test of McFadden and McElhinny 
(1990) is indeterminate, and the angle 
between the means of two polarity sets is 
149.7°. The fold test of McFadden (1990) 
is negative at the 99% confidence level. 
A fold test statistics SCOS is 1.072 in situ 
and 7.988 after tilt correction with critical 
value of 5.378. The Fisher’s precision 
parameter is 13.7 in situ and 8.0 after 
the tilt correction. We conclude that 
Component M is post-folding. The mean 
in situ paleomagnetic direction for 11 
sites is: D = 3.8°, I = -70.4°, k= 13.7, α95 = 
12.8°. The corresponding paleomagnetic 
pole is at 59.6°S and 145.5°E (A95 = 
19.2°). The circle of confidence of this pole encloses Australian paleopoles for Eocene 
and Paleocene (Fig. A2.4c; McElhinny and McFadden, 2000, pages 276–277). Hence, 
Component M could have been acquired during low-temperature oxidation, likely 
at 65–35 Ma. The presence of two polarities (Fig. A2.4a, and b) suggests that this 
process could last one or more million years accommodating at least one geomagnetic 
reversal (e.g., McElhinny and McFadden, 2000). Sixteen samples from 8 sites (5 sites 
from Paddys Flat Formation and 3 sites from Emu Creek Formation) carry a high-
temperature (500–590°C) Component H (Fig. A2.3b) and in few samples M and H 
components co-exist (Fig. A2.3c). The H component is also bipolar for both formations 
(Table A2.2, and Fig. A2.5). As the directions are statistically undistinguishable between 
Figure A2.4. (a-b) Stereoplots (stereographic 
projection) of the M component, in situ and 
tilt corrected correspondingly; (c) squares – 
Australian paleopoles (Table 6.14 of McElhinny 
and McFadden, 2000); star – paleopole calculated 
for the M component (Table A2.1). 
Figure A2.5. Stereoplots of the H component in 
the Paddys Flat and Emu Creek formations (Table 
A2.2). (a) in situ and (b) tilt corrected. 
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the Paddys Flat and Emu Creek formations, and considering their time constraints are 
~17 Myr apart, we calculated one combined mean direction and paleopole for the 
Emu Creek Block (Table A2.2). The reversal test of McFadden and McElhinny (1990) 
is positive with classification C, the angle between the means of two polarity sets is 
173.3°. The fold test of McFadden (1990) is positive at the 99% confidence level, with 
a fold test statistics SCOS of 8.498 in situ and 0.115 after tilt correction with critical 
value of 6.516. The Fisher’s precision parameter is 17.6 in situ and 23.6 after the 
tilt correction. We conclude that Component H is pre-folding. The mean tilt corrected 
paleomagnetic direction for 16 samples is: D = 32.9°, I = -77.7°, k= 19.7, α95 = 8.5°. The 
corresponding paleomagnetic pole is at 46.1°S and 135.5°E (A95 = 15.0°). 
# Site Slat. Slong. Decl. Incl. MAD Decl. Incl.
in situ tilt corrected
(°S) (°E) (°) (°) (°) (°) (°)
1 Emu0104 (PF) 28°37’09.35” 152°24’57.65” 279.4 64.2 9.3 248.3 68.3
2 Emu0206 (EC) 28°38’30.52” 152°20’04.80” 253.9 -84.8 6.4 179.9 -69.3
3 Emu0407 (EC) 28°41’25.72” 152°22’27.41” 205.6 -75.8 7.4 345.2 -76.6
4 Emu0701 (PF) 28°39’55.06” 152°23’49.05” 333.0 61.3 10.4 253.8 79.4
5 Emu0702 (PF) 28°39’55.06” 152°23’49.05” 298.8 66.8 9.6 227.2 65.5
6 Emu0705 (PF) 28°39’55.06” 152°23’49.05” 9.5 58.2 10.7 72.5 82.3
7 Emu0706 (PF) 28°39’55.06” 152°23’49.05” 336.5 73.2 11.9 197.1 75.9
8 Emu0707 (PF) 28°39’55.06” 152°23’49.05” 340.3 69.4 4.9 204.9 79.6
9 Emu0804 (PF) 28°38’06.28” 152°25’37.00” 42.9 -61.3 26.2 28.1 -51.2
10 Emu0901 (PF) 28°38’03.92” 152°23’37.67” 39.5 -73.9 4.0 13.8 -66.0
11 Emu0902 (PF) 28°38’03.92” 152°23’37.67” 4.0 -73.8 6.2 352.5 -62.0
12 Emu0903 (PF) 28°38’03.92” 152°23’37.67” 19.7 -76.8 7.2 359.5 -66.6
13 Emu0904 (PF) 28°38’03.92” 152°23’37.67” 110.3 -71.2 2.8 71.4 -76.6
14 Emu1001 (EC) 28°32’55.84” 152°24’11.78” 70.5 -54.8 12.8 84.2 -59.0
15 Emu1003 (EC) 28°32’55.84” 152°24’11.78” 195.1 -83.5 2.1 194.4 -73.5
16 Emu1601 (PF) 28°43’59.25” 152°25’13.09” 21.3 -86.3 10.3 357.8 -68.7
Mean (16 samples):
In situ: D = 111.9°, I = -80.2°, k = 17.6, α95 = 9.0°, Plat = 21.0°S, Plong = 135.0°E, A95 = 16.0°
Tilt. Corr.: D = 32.9°,  I = -77.7°, k = 19.7, α95 = 8.5°, Plat = 46.1°S, Plong = 135.5°E, A95 = 15.0°
Table A2.2.  Paleomagnetic directions: Emu Creek and Paddys Flat formations (H component). 
MAD = maximum angular deviation; Plat, Plong = latitude, longitude of the paleopole. PF - Paddys Flat 
Formation; EC – Emu Creek Formation.  See also footnotes to Table A2.1.
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Figure A2.6. Thermal demagnetisations of sedimentary rocks of the North Tamworth terrane. See notes 
to Figure A2.2.
38
Appendix 2
A2.4.2. NORTHERN TAMWORTH
The natural remanent magnetisation of 
the studied rocks ranges from 0.3 to 140.0 
mA/m, and their magnetic susceptibility 
from about 10 to 100x10−5 SI units. Both 
thermal and AF demagnetisations have 
been applied. 
A stable uni-polar Characteristic 
Remanent Magnetisation with unblocking 
temperatures between 500 and 590°C has been isolated in most of the studied samples 
(Table A2.3, and Fig. A2.5). Thermal demagnetisation suggests that magnetite is a 
dominant remanence carrier, but in some cases the presence of maghemite is possible 
(Fig. A2.5b). Maghemite or phyrrotite dominated specimens from site NT09 have been 
excluded from the analysis. 
The fold test of McFadden (1990) is positive at the 99% confidence level (Fig. A2.7). 
A fold test statistics SCOS is 5.473 in situ and 0.315 after tilt correction with the 99% 
critical value of 4.849. The Fisher’s precision parameter is 6.8 in situ and 32.7 after the 
tilt correction. We conclude that the steep downward east Characteristic Remanent 
Magnetisation is pre-folding. The corresponding paleomagnetic pole is 37.5°S, 181.1°E 
(A95 = 15.7°) (Table A2.3).
# Site N/n Slat. Slong. Decl. Incl. k α95 Decl. Incl. k α95
in situ tilt 
corrected
(°S) (°E) (°) (°) (°) (°) (°) (°)
1 NT02 5/5 30°11’41.10” 150°16’39.05” 88.3 52.4 147.6 6.3 106.4 70.1 147.9 6.3
2 NT03 5/5 30°11’41.23” 150°16’41.49” 77.9 49.1 45.5 11.5 86.0 68.5 45.8 11.4
3 NT04 5/5 30°11’41.22” 150°16’41.94” 89.5 59.3 28.6 14.6 118.7 76.0 28.6 14.5
4 NT05 3/3 30°11’41.00” 150°16’42.67” 93.8 55.8 68.4 15.0 134.1 63.0 69.0 15.0
5 NT06 5/2 30°11’40.96” 150°16’45.19” 104.9 66.8 - - 158.3 75.0 - -
6 NT07 5/3 30°11’40.43” 150°16’46.31” 96.9 52.4 151.9 10.0 124.6 62.4 149.3 10.1
7 NT08 5/3 30°11’38.75” 150°16’34.10” 95.8 37.3 78.4 14.0 98.4 71.3 78.4 14.0
8 NT10 6/5 29°38’22.33” 150°18’42.63” 277.9 28.2 27.3 14.9 4.4 75.4 27.2 14.9
9 NT11 6/3 29°38’32.69” 150°19’15.66” 106.0 58.0 248.6 7.8 196.5 82.9 247.5 7.9
Mean (9 sites): 92.4 61.5 6.8 21.3 114.6 75.4 35.4 8.8
Paleomagnetic pole (tilt corrected): 37.5°S, 181.1°E A95=15.7°
Table A2.3.  Paleomagnetic directions: North Tamworth terrane.
N/N = number of demagnetised/used samples; Slat, Slong = locality latitude, longitude; Decl, Incl = site 
mean declination, inclination; k = best estimate of the precision parameter of Fisher (1953); α95 = the 
semi-angle of the 95% cone of confidence; PF = Paddys Flat Formation; EC = Emu Creek Formation.
Figure A2.7. (a-b) Stereoplots of the H component, 
in situ and tilt corrected correspondingly.
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A2.5. U-PB GEOCHRONOLOGY 
A2.5.1. SAMPLE PREPARATION AND ANALYTICAL METHODS
To determine the age of the sequence which is exposed at Boomi Creek, we have 
conducted U-Pb geochronology on zircons using laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) at the Central Analytical Facility, Queensland 
University of Technology. Zircon crystals were separated from two samples of 
intermediate volcanic rocks from the Rocky Creek Block (NT02 and NT04). Samples 
were crushed to <600 μm, and washed to remove silt size particles. Magnetic minerals 
were removed using a Frantz Magnetic Barrier Laboratory Separator and the non-
magnetic fraction was put in Methylene Iodide heavy liquids to obtain heavy mineral 
separates. Zircons were handpicked using a binocular microscope, and mounted in 
Struers Epofix resin and hardener and polished to expose their inner sections. Zircons 
were analysed using an ESI New Wave 193 nm laser system with a Trueline ablation 
cell connected by nylon tubing to an 8800 Agilent ICP-MS. Total He flow from the cell 
was 550 ml/min, and Ar carrier gas flow was 850 Ml/min. Analyses were conducted 
in groups of 5, bracketed by 3 separate standard analyses. NIST 610 was used as 
a concentration standard, Temora-2 (TIMS 206Pb/238U age = 416.78 ± 0.33 Ma, Black 
et al., 2004) as the primary zircon standard, and Plešovice (ID-TIMS 206Pb/238U age = 
337.13 ± 0.37 Ma, Sláma et al., 2008) as a monitor zircon standard.
The instrumentation set up including a laser fluence of 3.5 J/cm2 and laser spot size 
with a 30 micron diameter, producing an average of 32 counts per second 207Pb on a 
background of 0.83 counts per second for Temora-2, with U levels (413 ppm) common 
for zircon. The elemental Th/U average was 0.56. Eighteen isotopes overall were 
measured for all zircons (see Digital Appendix 5) with a total dwell time of 0.40 s and 
half of it dedicated to U, Th and Pb isotopes. 235U was calculated from 238U assuming 
the ratio of 1:137.88. A fixed stoichiometric SiO2 concentration for zircon (32.77 wt%) 
was employed as an internal standard to calculate trace element concentration. 
Iolite (Paton et al., 2011) and Isoplot (Ludwig, 2003) were used for data reduction 
with a common Pb calculation in Excel. Common Pb concentrations were calculated 
as a percentage of all 206Pb using a 208Pb basis, assuming common Pb composition 
(Cumming and Richards, 1975) and concordance of the Th-U and Pb-U systems. 
Because these calculated values for the concordant grains were < 235  0.72%, no 
common Pb correction has been made. Errors in age calculations are reported at a 
95% confidence interval using propagated errors (Paton et al., 2011).
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A2.5.2. AGE OF BOOMI CREEK VOLCANICS
Our geochronological results are 
presented in Fig. A2.8 and Digital 
Appendix 5. There were 28 successful 
zircon ablations of sample NT02, yielding 
14 concordant ages. One zircon with 
anomalously old age of 391 Ma is 
interpreted as an inherited xenocryst. This 
and three other analyses that displayed 
anomalous P and REE compositions 
were excluded from the weighted mean 
calculation, which yielded an age of 316.6 
± 3.3 Ma (n = 9, MSWD = 0.94, probability 
= 0.48) using propagated uncertainties 
(Fig. A2.8a). Their average U content was 
374 ppm and elemental Th/U of 0.53.
Sample NT04 produced 25 successful 
zircon ablations, of which 14 ages were 
concordant. One zircon with anomalously 
old age of 355 Ma is interpreted as of 
inherited xenocryst. This and one other 
analysis that displayed anomalous 
REE compositions were excluded from 
the weighted mean calculation, which 
yielded an age of 319.0 ± 2.9 Ma (n = 12, 
MSWD = 0.94, probability = 0.50) using 
propagated uncertainties (Fig. A2.8b). 
NT04 concordant grains had an average 
U content of 465 ppm and an elemental 
Th/U of 0.60.
Figure A2.8. Concordia diagrams (a, c) and 
weighted mean age plots (b, d) for samples NT02 
and NT04, respectively. Concordant (Discordant) 
analyses are in red (grey), and inherited or 
anomalous zircons that were excluded from the 
calculation of the weighted mean age are in blue. 
Data-point error bars and ellipses are 2σ. 
A2.5.3. ANALYTICAL UNCERTAINTIES
All analyses of the Plešovice monitor standard (see Digital Appendix 5) were concordant 
in 207Pb/235U-206Pb/238U space within internal uncertainties, and yielded a weighted mean 
population 206Pb/238U age of 327.4 ± 0.23 Ma. Our measured age for the Plešovice 
is outside the accepted age of 337.13 ± 0.37 Ma (Sláma et al., 2008), perhaps due 
to a trace element dependent matrix effect. If the matrices of Plešovice and our 
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Carboniferous zircons match, it is possible that the ages 
supplied here may be up to 3% too young. However, 
the Plešovice zircons have significantly different trace 
element compositions relative to the Boomi Creek and 
Temora-2 specimens, including lower Th/U and Ce, as 
well as higher Ti and Lu, suggesting that the matrices are 
in fact quite different and that our ages are not affected.
A2.6. DISCUSSION
A2.6.1. NORTHERN TAMWORTH
New paleomagnetic and geochronological data from 
the northern Tamworth terrane enable us to refine 
earlier paleomagnetic studies from this terrane (Opdyke 
et al., 2000; Klootwijk, 2002, 2003). Cawood et al., 
(2011) compiled earlier data and combined them into 
two groups with loosely constrained ages of 322–302 
Ma and 300–260 Ma. Although these data suggested a 
relatively minor movements of the northern Tamworth 
terrane with respect to cratonic Australia (Gondwana), 
details of these movements were not clear (Cawood et 
al., 2011). Our new data from Boomi Creek, together 
with a significant progress in regional geochronology, 
provide an opportunity to verify some of these details 
with more accuracy.
The new ages of 316.6 ± 3.3 Ma and 319.0 ± 2.9 Ma for 
the studied rocks rule out their belonging to the Caroda 
Formation, as it is mapped (Brown et al., 1992). The 
studied section in the Boomi Creek is likely belonging to 
the Rocky Creek Conglomerate or Lark Hill Formation 
(Fig. A2.2). The similar trace element compositions and 
ages that are indistinguishable within error (Fig. A2.8a, and 
b) suggest that for the age of the Boomi Creek paleopole, 
the data may be combined to give a better representative 
age of 318.0 ± 2.2 Ma (n=21, MSWD = 0.95, probability = 0.52). #
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Table A2.4. Paleomagnetic directions: formations of the North Tamworth terrane.
N = number of sites; Decl, Incl = site mean declination, inclination; Dp, Dm = the semi-axes of the cone 
of confidence about the pole at the 95% probability level. See also footnotes to tables A2.1-A2.3.
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Figure A2.9. (a) Mean paleomagnetic 
directions and their circles of confidence 
of c. 345–330 Ma Caroda/Merlewood 
(CM), c. 330–320 Ma Clifden (CL), 
c. 320–305 Ma Currabubula/Rocky 
Creek/Lark Hill formation (CRL) (Table 
A2.4), Component H in Emu Creek 
terrane (H) (Table A2.2). (b) The 
expected H direction (grey, dotted line) in 
suggestion that it is primary; the cartoon 
of oroclinal bending is shown in (c). 
Using the updated stratigraphic scheme of the area (Fig. A2.2) we made a new 
compilation of previously published (Opdyke et al., 2000; Klootwijk, 2002, 2003) and 
new (Table A2.3) paleomagnetic data by combining them in narrower age groups (Table 
A2.4). The averaging has been done on the sites level and we used only sites with 
three or more samples and α95<25°. In our paleogeographic reconstructions (Section 
4.5.3) we use paleopoles from Table 1 of Cawood et al., (2011) for the Hastings, Myall, 
Gresford and Rouchel terranes, as well as new data from Shaanan et al., (in press) for 
the Myall Block.
The new compilation (Table A2.4) shows four paleopoles with ages constrained within 
10–15 My each, which is more precise in comparison to the earlier compilation by 
Cawood et al., (2011). Despite a large scatter (α95 = 18.8°), we calculated a mean 
345–330 Ma combined pole for coeval Caroda and Merlewood formations (Fig. A2.2). 
The three other poles presented in Table A2.4 have improved statistics.
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A2.6.2. EMU CREEK
The pre-folding Component H found in the c. 320–305 Ma rocks of the Emu Creek 
terrane (section 4.4.1; Table A2.2) is strikingly close to the mean direction of 
Currabubula, Rocky Creek and Lark Hill formations of the northern Tamworth terrane 
(Fig. A2.9a). This is surprising, as two terranes are located on the opposite limbs of the 
Texas Orocline (Fig. A2.9b, and c). In light of the geological context, we suggest that 
Component H is not primary even though it passes a fold test. A plausible explanation 
is provided below.
Petrographic analysis of rocks from the Emu Creek and Paddys Flat formations 
corroborate field evidence that indicates that the entire succession has experienced 
one or more intense phases of silicification and sericitisation alteration (Hoy et al., 
2014). With the exception of non-reactive quartz, the identification of clasts in the 
silicified rock is extremely difficult and most feldspar and lithic clasts have been 
replaced by clays. The alteration may be related to the emplacement and epithermal 
Au-mineralisation and alteration of the neighbouring volcanic and intrusive rocks at 
~264 Ma (e.g., Drake Volcanics) or the intrusion of granitoids (e.g., Clarence River and 
Stanthorpe supersuites) at c. 250 Ma (Bryant et al., 1997; Cross and Blevin, 2010). 
The Emu Creek Block also hosted many small historical Au, Ag, As, Pb, Sb, and Cu 
polymetallic deposits as hydrothermal veins, stockworks, and wallrock disseminations 
(Brown et al., 2001), which may have acted as conduits for the hydrothermal fluids 
during this widespread alteration.
These events occurred during the Hunter-Bowen Orogeny, which was deforming 
the New England Orogen until ~230 Ma (Holcombe et al., 1997). Consequently it 
is possible that the pre-folding remanence Component H has been acquired after 
oroclinal bending, but prior to folding. Details of this remagnetisation are yet unclear, 
but in view of high probability of the secondary nature of Component H, we conclude 
that the tectonic history of Emu Creek terrane during the formation of the New England 
oroclines is still paleomagnetically unconstrained.
Another argument of the post-260 Ma age of Component H is the presence of both 
paleomagnetic polarities (Table A2.2, and Fig. A2.5). Opdyke et al., (2000) put the base 
of the Kiaman Reverse Superchron within the Clifden Formation. All paleomagnetic 
studies of younger Currabubula, Rocky Creek and Lark Hill formations (Opdyke et. 
al., 2000; Klootwijk, 2002, 2003; this study) show exclusively reverse (downward) 
remanence directions (Table A2.4), supporting the idea of their deposition during the 
Kiaman Reverse Superchron. If Component H is primary, it should be exclusively reverse 
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too, as Paddys Flat and Emu Creek formations of the Emu Creek terrane are considered 
to be correlatives to the abovementioned formations of the northern Tamworth terrane 
(Fig. A2.2). The Kiaman Superchron ended at c. 265 Ma (e.g., McElhinny and McFadden, 
2000), so the bipolar character of Component H is consistent with its post-265 Ma age.
A2.6.3. KINEMATIC RECONSTRUCTION
Cawood et al., (2011) selected 19 most reliable published 340–260 Ma paleomagnetic 
poles from different parts of the New England Orogen (Global Paleomagnetic 
Database; Pisarevsky, 2005). These authors proposed a model, in which segments 
of the New England Orogen were originally aligned on a quasi-linear >1000 km belt. 
This model suggested that the northern (in present coordinates) tip of this belt; the 
North Queensland terrane, was fixed to the cratonic Australia, which is supported by 
paleomagnetic data from this terrane (see Fig. 7d, and e in Cawood et al., 2011 ). This 
belt has been bent by sinistral transpression along the margin of cratonic Australia. 
The model is paleomagnetically permissive, but not unique, because of the scarcity of 
paleomagnetic data and their “diachronous” pattern (i.e., data from southern terranes 
of the New England Orogen were older than data from northern terranes). However, 
the analysis of Cawood et al., (2011) ruled out one of previously suggested kinematic 
models involving dextral transpression (Offler and Foster, 2008).
We used our new paleomagnetic data and recompiled published data and previous 
kinematic models (Tables A2.2, and 4.4; Cawood et al., 2011; Shaanan et al., in press) 
to produce a revised kinematic paleogeographic model for oroclinal bending in the 
New England Orogen (Fig. A2.10). 
Mean poles for Gondwana, modified from McElhinny et al., (2003) are also listed 
in Cawood et al., (2011; Table 2). An animated reconstruction is presented in the 
Supplementary Material (Digital Appendix 5).
Table A2.5 shows Euler rotation parameters for our revised model for the kinematic 
evolution of the New England Orogen. We used the combined Caroda/Merlewood 
pole (Table A2.4) to constrain paleolatitude and orientation of the northern Tamworth 
terrane at c. 340 Ma. Consequently its orientation in our reconstruction (Fig. A2.10a) is 
significantly different from that in the 340 Ma reconstruction of Cawood et al., (2011). 
The 340–270 Ma evolution of the northern Tamworth terrane (Fig. A2.10 b-e) is also 
different from the previous model, because we applied more robust paleomagnetic 
constraints. The positioning of the Hastings Block in the 270 Ma reconstruction (Fig. 
A2.10e) is based on structural and chronological constraints that are described for the 
Nambucca Block by Shaanan et al. (2014).
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Figure A2.10. The evolution of the New England Orogen between (a) 340 and (e) 270 Ma. Euler’s poles 
of rotation of Gondwana, New England Orogen terranes and paleomagnetic poles with their circles of 
confidence are listed in Table A2.5. Paleopoles are listed in Table A2.4 (northern Tamworth terrane), and 
in Table A2.1 (Hastings, Myall, Gresford and Rouchel terranes) and Table A2.2 (Gondwana) of Cawood 
et al., (2011). New c. 270 Ma paleopole for the Myall terrane (30.0°S, 153.2°E, A95=19.5°), recently 
reported by Shaanan et al., (in press) is shown in (e).
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A2.7. CONCLUSIONS
The first paleomagnetic study of Carboniferous sedimentary rocks of the Emu Creek 
terrane of the New England Orogen revealed two secondary components of post-
oroclinal age. New paleomagnetic and geochronological data from the Boomi Creek 
area of the northern Tamworth terrane yielded some corrections to the local geological 
mapping. New paleomagnetic data have been compiled with previously published 
data and four well dated combined paleopoles for the Visean-Sakmarian rocks of 
the northern Tamworth terrane are presented. These poles were used to revise the 
kinematic paleogeographic model of the New England Orogen. 
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This Appendix is in review for publication in Tectonics as:
Orocline driven transtensional basins: geodynamic insights 
from the Lower Permian Manning Basin (Eastern Australia)
White, L., Rosenbaum, G., Allen, C. and Shaanan, U.
A3.1. ABSTRACT
The New England Orogen in eastern Australia exhibits a tight omega-shaped oroclinal 
structure, however its exact geometry and geodynamic evolution remains controversial. 
Here we present new data from the southernmost part of the curvature, the Manning 
Orocline, which supposedly developed in the Early Permian, contemporaneously 
and/or shortly after the deposition of the Lower Permian Manning Basin. New U-Pb 
detrital zircon data provide an ~288 Ma maximum age constraint for deposition. These 
rocks were folded and faulted, with structural evidence indicating that both bedding 
and pre-oroclinal fold axial planes are approximately oriented parallel to the trace 
of the Manning Orocline. Brittle deformation was dominated by sinistral strike-slip 
faulting, particularly along a major fault zone (Peel-Manning Fault System), which 
separates tectonostratigraphic units of the New England Orogen, and hosts early 
Paleozoic serpentinites and high-pressure rocks. Our revised geological map shows 
that the boundaries of the Manning Basin are marked by serpentinites, thus indicating 
that basin formation was intimately linked to the activity on the Peel-Manning Fault 
System. The Manning Basin is, thus, interpreted to be a transtensional pull-apart 
basin associated with the Peel-Manning Fault System. Age constraints and structural 
relationships indicate that basin formation likely occurred during the incipient stage of 
oroclinal bending, with block rotations and fragmentation of the transtensional pull-
apart system occurring at a later stage. The intimate link between oroclinal bending 
and basin formation in the New England oroclines indicates that backarc extension, 
accompanied by transtensional deformation, may play an important role in the early 
stage of orocline development.
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A3.2. INTRODUCTION
The origin of curved orogenic belts (oroclines) is a contentious issue that has attracted 
much attention in recent literature (e.g., Johnston et al., 2013; Rosenbaum, 2014). 
A large volume of publications, particularly those that discuss Paleozoic oroclines in 
Variscan Europe and Central Asia, assume that oroclinal bending involves buckling 
of the whole lithosphere in response to orogen-parallel compression (Xiao et al., 
2010; Gutiérrez-Alonso et al., 2012; Pastor-Galán et al., 2012; Weil et al., 2013). In 
contrast, other models suggest that the origin of many oroclines are intimately linked 
to trench retreat and associated backarc extension (Royden, 1993; Lonergan and 
White, 1997; Rosenbaum and Lister, 2004; Schellart and Lister, 2004; Morra et al., 
2006; Rosenbaum, 2014). The latter type of orocline formation is likely to incorporate 
sedimentary basins that develop simultaneously during the process of oroclinal bending 
(Rosenbaum, 2014). While these processes are relatively well constrained in modern 
tectonic environments (e.g., Mediterranean region), the relationship between basin 
formation and oroclinal bending in Paleozoic oroclines is not fully understood. The 
southern New England Orogen in eastern Australia is an area where this relationship 
can be investigated.
The southern New England Orogen (Fig. A3.1) is characterised by several tight 
oroclines that developed during the Early Permian (Rosenbaum et al., 2012; Shaanan 
et al., in press). Many recent studies have focused on the geometry of the oroclines 
(Glen and Roberts, 2012; Rosenbaum, 2012; Mochales et al., 2014), the timing of 
oroclinal bending (Offler and Foster, 2008; Cawood et al., 2011; Rosenbaum et al., 
2012; Shaanan et al., 2014), and the possible geodynamic processes responsible for 
orocline formation (Li et al., 2014; Shaanan et al., 2015). Nonetheless, the structure and 
tectonic origin of the southernmost part of the oroclinal structure (Manning Orocline; 
Fig. A3.1b) has remained controversial (e.g., Lennox et al., 2013; Li and Rosenbaum, 
2015; Offler et al., 2015). The reason for this controversy is partly related to the fact 
that Devonian and Carboniferous rocks in the hinge zone of the Manning Orocline 
are strongly faulted (Collins, 1991) and folded (Dirks et al., 1992; Li and Rosenbaum, 
2014), thus impeding our ability to understand the three-dimensional geometry of the 
orocline. One way to address this shortcoming is to investigate Lower Permian rocks 
in the area of the Manning Orocline, which did not experience a long history of pre-
oroclinal deformation.
Figure A3.1. Geological map of the southern New England Orogen. PFS – Peel Fault System. MFS – 
Manning Fault System. Numbered purple stars indicate the location of suggested outliers of the Manning 
Basin: 1 – Ironbark Creek (Price, 1973), 2 – Kensington (Brown, 1987), 3 – Willow Tree Hill (Skilbeck et 
al., 1994), 4 – Hanging Rock (Skilbeck et al., 1994), and 5 – Upper Barnard River (Allan, 1987; Allan and 
Leitch, 1990). Inset map (a) shows the location of the New England Orogen and Sydney-Gunnedah-
Bowen Basin System in eastern Australia.
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The Lower Permian rocks of the Manning Basin occur at the hinge of the Manning 
Orocline (Fig. A3.1b) and represent one of the least understood sedimentary 
successions in the southern New England Orogen (Mayer, 1969, 1972). Leitch (1988) 
suggested that these rocks were deposited in association with a larger rift-related 
basin that existed in the southern New England Orogen during the Early Permian. In 
contrast, Aitchison and Flood (1992) and Vickers and Aitchison (1993) advocated an 
orthogonal strike-slip mechanism for basin development. The exact time of deposition 
has hitherto remained poorly constrained, and the deformation history, and possible 
link to the Manning Orocline, has not been investigated. Given the spatial and temporal 
relationships between the Manning Basin and the Manning Orocline, new structural 
and geochronological data from this basin could potentially provide direct insights into 
the mechanisms that controlled oroclinal bending in the Early Permian.
In this paper, we present new structural data from the Manning Basin, complemented by 
geophysical aeromagnetic interpretations and new U-Pb detrital zircon ages. Together, 
these data provide insights into the relationships between oroclinal bending and basin 
formation, confirm the existence of the Manning Orocline, and further constrain the 
timing of oroclinal bending.
A3.3. GEOLOGICAL SETTING
The New England Orogen, which is the youngest orogenic component in eastern Australia 
(Glen, 2005, 2013), predominantly consists of Upper Devonian to Triassic rocks that 
originated in a continental convergent boundary. The major tectonostratigraphic units of 
the southern New England Orogen are: (1) Devonian-Carboniferous supra-subduction 
units (arc, forearc basin and accretionary complex; Leitch, 1974; Roberts and Engel, 
1987); (2) Early Permian (298–288 Ma), mostly S-type granitoids, and sedimentary 
rocks that were likely deposited in an extensional backarc setting (Holcombe et al., 
1997; Rosenbaum et al., 2012; Shaanan et al., 2015); and (3) Late Permian to Triassic 
(260–230 Ma) arc-related magmatic rocks (Shaw and Flood, 1981; Li et al., 2012). In 
addition, the New England Orogen includes minor remnants of Cambrian-Ordovician 
ophiolitic units that are commonly exposed along tectonic contacts. In the southern New 
England Orogen, these Cambrian-Ordovician blocks mainly consist of serpentinites 
and high-pressure metamorphic rocks, which occur along the Peel-Manning Fault 
System (Fig. A3.1b; Cawood and Leitch, 1985; Korsch and Harrington, 1987; Aitchison 
et al., 1994). This fault system separates Devonian-Carboniferous forearc basin rocks 
from accretionary complex rocks.
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The southern New England Orogen is characterised by four curvatures, commonly 
referred to as the Coffs Harbour, Texas, Manning and Nambucca oroclines (Fig. 
A3.1b). These oroclines are defined by the curvature of bedding and dominant 
structural fabric (Korsch and Harrington, 1987; Lennox and Flood, 1997; Li et al., 2012; 
Li and Rosenbaum, 2014), the map-view arrangement of forearc basin rocks (Glen 
and Roberts, 2012), the trace of early Paleozoic serpentinites (Korsch and Harrington, 
1987), and the curvature of Early Permian (298–288 Ma) granitoids (Rosenbaum, 
2012; Rosenbaum et al., 2012). The curved belt of these Early Permian granitoids 
provides a maximum age constraint for the timing of oroclinal bending, indicating that 
the oroclines must have formed during or after emplacement (Rosenbaum et al., 2012). 
Minimum age constraints are available from paleomagnetic data, which indicate that 
formation of the Manning Orocline was concluded prior to ~272 Ma (Shaanan et al., 
in press). From ~270–265 to ~230 Ma, contractional deformation referred to as the 
Hunter-Bowen Orogeny (Collins, 1991; Holcombe et al., 1997; Korsch et al., 2009) 
involved major west-directed retro-thrusting of Lower Permian rift basins (Korsch et al., 
2009) and is thought to have tightened the already contorted structure of the southern 
New England oroclines (Rosenbaum, 2012; Rosenbaum et al., 2012).
Lower Permian sedimentary successions are found in the Sydney-Gunnedah-Bowen 
Basin System west of the New England Orogen (Fig. A3.1a) and in a number of 
blocks within the oroclinal structure, including the Dyamberin and Nambucca blocks, 
Manning Basin, and a number of smaller outliers in the area of the Texas Orocline (Fig. 
A3.1b). The Manning Basin (Manning Group; Voisey, 1958) is located in the area of 
the Manning Orocline (Fig. A3.1b) and is exposed in the proximity of the Peel-Manning 
Fault System. Early Paleozoic serpentinites associated with the Peel-Manning Fault 
System occur along the boundaries of the Manning Basin (Fig. A3.2). Nevertheless, 
structural relationships between the formation of this basin and the Peel-Manning Fault 
System have hitherto not been established.
The Manning Basin spans approximately 2500 km2 and is fault-bound on all sides (Fig. 
A3.2). Based on geographic and stratigraphic considerations, two major blocks of the 
basin sequence are identified (east and west; Jenkins, 1992), adjoined centrally at Mt 
George (Fig. A3.2). Outliers of the Manning Basin to the north occur in association 
with the Peel-Manning Fault System (Allan and Leitch, 1990; Skilbeck et al., 1994) 
and include Ironbark Creek (Price, 1973), Kensington (Brown, 1987), Willow Tree Hill 
and Hanging Rock (Skilbeck et al., 1994), and the Upper Barnard River (Fig. A3.1b; 
Allan, 1987; Allan and Leitch, 1990). The sedimentary succession, estimated to be 
~4–6 km thick (Jenkins and Offler, 1996), is characterised by a diamictite-dominated 
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Figure A3.2. Structural map and schematic cross sections (A-A’ and B-B’) of the Early Permian Manning 
Basin. Two blocks (west and east) are identified, geographically divided at Mt George. Equal area lower 
hemisphere stereographic projections show poles to dominant fabric (S0) and the axial planes of major 
folds (red lines) for the four identified structural domains, with the west block structural domain including 
the southeastern extension of the east block. The light blue lines in eastern stereoplots demonstrate the 
common axial plane (87/129) for all three structural domains of the east block. The shaded light blue 
area in the west block stereoplot represents the possible field in which a common axial plane to west 
block folds could exist. Bedding and fold orientations are approximately mirrored in the west and the east.
deep marine sequence with provenance from both the adjacent forearc basin and 
accretionary complex (Mayer, 1972). Varying submarine mass flow mechanisms have 
been suggested as the mode of primary deposition (Mayer, 1972; Jenkins, 1992). The 
succession has been assigned a Lower Permian designation (latest Sakmarian to early 
or middle Artinskian) based on biostratigraphic observations of various marine fauna 
(Voisey, 1938, 1939; Mayer, 1969; Voisey and Packham, 1969; Mayer, 1972; Brennan, 
1976; Laurie, 1976; Engel and Laurie, 1978; Briggs, 1987, 1991; Jenkins, 1992; Vickers 
and Aitchison, 1992, 1993; Sharp, 1995). However, no absolute geochronological ages 
have hitherto been reported from the Manning Basin. The rocks are metamorphosed at 
zeolite to prehnite/pumpellyite facies (Jenkins and Offler, 1996).
A3.4. GEOLOGY OF THE MANNING BASIN
Figure A3.2 presents a new geological map of the Manning Basin. The map incorporates 
new field observations, aeromagnetic data (first vertical derivative, second vertical 
derivative, downward continuation, upward continuation and tilt-angle derivative), and 
previously obtained geological data (Mayer, 1972; Brennan, 1976; Laurie, 1976; Nano, 
1987; Vickers and Aitchison, 1992, 1993; Roberts et al., 1995; Sharp, 1995; Jenkins 
and Offler, 1996; Jenkins, 1997). The most significant amendment in the geological 
map is the extent of the easternmost boundary of the Manning Basin, which has 
been shifted westward following our new geochronological results and aeromagnetic 
interpretations.
A3.4.1. STRATIGRAPHY
Mayer (1972) subdivided the western Manning Basin sequences into five units: the basal 
Wards Creek Beds, Giro Diamictite, Glory Vale Conglomerate, Colraine Mudstone and 
Kywong Beds. The lowermost Wards Creek Beds is characterised by strongly silicified 
bedded/massive sedimentary breccia and sandstone. The conformably overlain 
Giro Diamictite, which makes up the vast majority of the Manning Basin sequence 
in the west block, is a massive pebbly mudstone/fine-grained siltstone (or diamictite) 
with uncommon massive, bedded or turbidite sandstones, siltstones and pebble 
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conglomerates (Fig. A3.3). Sheared 
serpentinite clasts were observed within 
both the Wards Creek Beds and Giro 
Diamictite. The Glory Vale Conglomerate 
consists of pebble conglomerate and 
less abundant fine-grained sandstone/
siltstone and minor limestone. The Colraine 
Mudstone consists of black micaceous 
massive mudstone/fine-grained siltstone 
with less common sandstone and rare 
limestone. The uppermost unit proposed by 
Mayer (1972), the Kywong Beds, was not 
clearly identified in the study area.
The stratigraphy of the eastern block, 
defined both by Voisey (1958) and Engel 
and Laurie (1978), consists of four units: 
the basal Charity Creek Beds, Kimbriki 
Formation, Cedar Party Limestone and 
Colraine Mudstone. The lowermost 
Charity Creek Beds comprise massive 
pebbly mudstones and diamictites 
commonly interbedded with massive 
sandstone horizons harbouring thin 
siltstone and mudstone laminations. This 
unit is possibly correlative to the Giro 
Diamictite of the west block (Jenkins, 
1992). The conformably overlain 
Kimbriki Formation is characterised by 
interbedded sandstones, siltstones, (less 
common) mudstones, and rare pebble 
conglomerates at the base. The Cedar 
Party Limestone is sparsely exposed 
and comprises silty mudstones and pink 
calcarenites, micrites and biosparites. The Colraine Mudstone exists at the top of the 
eastern stratigraphic succession, and is characterised by dark abundantly micaceous 
massive mudstone and rare graded beds of very fine-grained sandstone and siltstone.
a.
b.
c. d.
500 µm
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l
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Figure A3.3. Rocks of the Manning Basin. (a) 
Typical exposure of the massive Giro Diamictite 
characterised by fine to medium sandy matrix, 
and poorly sorted, rounded to angular clasts. The 
clasts are both siliciclastics and volcaniclastics with 
rare sheared serpentinite clasts. (b, c) Common 
bedding styles – moderate to steeply interbedded 
sands and siltstones. (d) Photomicrograph (ppl) 
of a typical diamictite – poorly sorted subrounded 
to angular quartz, feldspar, and lithic grains 
displaying strong chloritisation.
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Poor exposure of unit contacts, together with extensive faulting throughout the 
succession, made the identification of lithological unit boundaries difficult. As such, the 
boundaries of the units described do not appear in the geological map (Fig. A3.2), and 
the exact stratigraphic relationship between units remains ambiguous.
A3.4.2. STRUCTURE AND DEFORMATION
A3.4.2.1. BEDDING
Primary bedding (S0) is generally well defined in both the western and eastern 
sequences, but can be difficult to recognise in thick diamictites. The strike orientations 
and inclinations of bedding vary throughout the basin, with more pronounced variations 
in the east block than in the west block (Fig. A3.2). Way-up indicators commonly show 
stratigraphic younging toward the Peel-Manning Fault System.
c.
a.
a. b.
b.
Figure A3.4. Typical fold styles of the Manning 
Basin. (a, b) Steeply to moderately inclined gently 
to moderately plunging isoclinal folds, class 1C 
fold layers, ~N-E vergence and an axial trace 
aligned approximately NW-SE (~135°). (c) Large-
scale open folding in interbedded siltstone and 
medium grained sandstone units of domain B in 
the east block.
A3.4.2.2. FOLDS
Folds in the west block are primarily 
observed in alternating siltstone and 
sandstone beds within the Giro Diamictite. 
These folds are steeply to moderately 
inclined, gently to moderately plunging, 
and tight to isoclinal, with an axial trace 
commonly aligned ~NW-SE (~135º; 
e.g., Fig. A3.4a, and b). Open upright 
folds with a similar orientation were also 
observed, with fold interlimb angles that 
seem to tighten closer to fault zones. 
Stereographic projections of poles to 
bedding (S0) and the orientations of 
axial planes show that fold orientations 
are relatively uniform across the entire 
west block and southernmost extension 
of the east block (Fig. A3.2). Direct field 
observations and asymmetric clustering 
of poles to bedding on stereographic 
plots indicate that folds in the west block 
share a common vergence to the NE, 
with map-scale parasitic Z-folds inferred 
for these structures.
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Figure A3.5. Typical fault exposures of the 
Manning Basin. (a) Slickenline striations and 
fractured fault steps indicative of sinistral oblique 
shear. (b) Fractured fault steps and slickenline 
striations indicative of near-pure sinistral strike-
slip kinematics, with an R shear to this plane also 
observed showing similar kinematic indicators.
In contrast to the relatively consistent orientations of folds in the west block, folds 
in the east block are non-cylindrical and show variable orientations. Approximately 
cylindrical folds can be recognised only after subdivision of the block into three structural 
domains (A, B and C in Fig. A3.2). Domains A, B and C (north, intermediate and south, 
respectively) host steeply inclined to upright, gently to moderately plunging, open to 
closed, rounded folds (e.g., Fig. A3.4c). Despite showing strong non-cylindricity when 
plotted together, stratigraphic projections from all three domains of the east block 
demonstrate a common axial plane, which is calculated by the plane linking the β-axes 
in the three domains. The dip/dip azimuth of this plane is 87–129 (Fig. A3.2). Evidence 
for fold superposition was not found.
A3.4.2.3. FAULTS
The Manning Basin is fault-bound on all sides and has numerous additional faults 
within the basin (Fig. A3.2). In the west block, the dominant faults are steeply dipping 
and oriented ~NW-SE. Field observations 
(e.g., slickenlines, slickenfibers and 
Riedel shears) suggest that the movement 
on these faults is predominantly sinistral 
strike-slip, and less commonly oblique-slip 
(e.g., Fig. A3.5). Faults in the east block 
show variable orientations, most notably 
in Domains B and C (Fig. A3.2). Sinistral 
strike-slip kinematics with a minor oblique-
slip component is recognised in ~E-W, 
~NW-SE and ~NNW-SSE striking faults, 
whereas ~NE-SW faults show dextral 
kinematics. Field observations of steeply 
dipping fault surfaces south and southeast 
of Mt George displayed well-developed 
fractured fault steps and mineralised 
slickenline growth (e.g., Fig. A3.5), with 
these fault surfaces likely representing 
the southern continuation of the Peel-
Manning Fault System (Manning Fault). 
Observed slickenlines are consistently 
shallow (pitch of less than 12°), thus 
indicating strike-slip kinematics.
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Figure A3.6 presents a regional analysis of faults, which was achieved using publically 
available Landsat 7 Enhanced Thematic Mapper Plus imagery and reduced-to-pole 
gridded aeromagnetic data acquired from Geoscience Australia (80 m spatial resolution). 
The major faults identified show conjugate shear, with sinistral ~NW-SE and ~NNW-
SSE faults and dextral ~NE-SW faults (Fig. A3.6a). The predominant orientation is 
~NW-SE (Fig. A3.6b). Figure A3.6c highlights the spatial distribution of serpentinites 
in the area projected over 600 m upward continuation aeromagnetic data. The 
deep-seated high magnetic anomalies 
correspond with serpentinite occurrence. 
Restoration of a correlative high magnetic 
anomaly (serpentinite) along the Manning 
Fault results in the realignment of a pre-
existing NNW-SSE trending fault and 
several other identifiable lineaments, and 
demonstrates ~20 km sinistral offset (Fig. 
A3.6d, and e).
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Figure A3.6. Geophysical interpretation. (a) 
Regional interpretation schematic showing the 
kinematic disposition of major faults immediate 
to the Manning Basin and the greater Manning 
Orocline. (b) Rose diagram of major faults, 
displaying strong ~NW-SE predominance. (c) 
Spatial distribution of serpentinites bordering 
the Manning Basin projected over 600 m 
upward continuation filtered aeromagnetic data. 
Serpentinite occurrence corresponds well with 
the deep-seated high magnetic anomalies of the 
region, with the restoration of (e) realigning two 
serpentinite bodies. (d) Tilt angle derivative filtered 
aeromagnetic data from the area of the Manning 
Orocline. Major faults immediate to the Manning 
Basin are mapped as thick black lines (interpreted 
from first vertical derivative, second vertical 
derivative, tilt angle derivative, 400 m downward 
continuation, and 600 m upward continuation 
filters; see Digital Appendix 6). Sinistral strike-slip 
kinematics is inferred for the main extension of the 
Peel-Manning Fault System (~NW-SE trending 
Manning Fault), with piercing points ` A’ and ` B’ and 
a correlative magnetic anomaly (light blue dashed 
line) identified along this fault. (e) Restoration of 
the piercing points and high magnetic anomaly, 
demonstrating ~20 km sinistral offset.
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A3.4.3. GEOCHRONOLOGY
U-Pb dating of detrital and primary zircons using Laser Ablation Induced Coupled 
Plasma Mass Spectrometry (LA-ICP-MS) was performed in order to obtain constraints 
on the depositional age of Manning Basin rocks.
A3.4.3.1. SAMPLE PREPARATION AND ANALYTICAL METHODS
Four clastic sedimentary rock samples and one interbedded volcanic flow, ~4 kg in 
weight, were taken from selected sites (see locations and sample index in Fig. A3.2). 
Samples MG-14-011, MG-14-012 and MG-14-015 from the west block were taken 
from sequences of the Giro Diamictite, whilst sample MG-14-018 from the east block 
represents the approximate stratigraphic equivalent (Jenkins, 1992), the Charity 
Creek beds. The exact stratigraphic relationship between sedimentary samples is not 
constrained due to the effect of faulting and the associated uncertainty in assigning 
lithological unit boundaries.
Samples were washed to remove possible contamination of soils and dust. Each sample 
was crushed using a Jaw Crusher (150 mm) followed by a Fritisch (Pulverisette 13) 
Disc Mill. The crushed material was washed to remove fine silt-sized particles and dry 
sieved to <600 µm to remove any larger grains carried through. The magnetic fraction 
of each sample was removed using a Frantz LB-1 magnetic separator. Separation of 
heavy minerals was done using Methyl Iodide (MeI) heavy liquid in a tapped funnel. 
The heavy fraction separates were handpicked for zircons with preference for the 
larger, more euhedral crystals to encourage a robust youngest population constraint. 
Approximately 140–150 detrital zircon crystals were obtained from each sedimentary 
sample and ~25 zircons picked for the volcanic flow. Handpicked zircons were mounted 
in a non-reactive epoxy (Struers Epofix resin and hardener) and polished to expose 
sections of the mounted zircon crystals. The polished mounts were imaged using a 
Zeiss AxioImager M2M microscope under both transmitted and reflected light to aid in 
target identification and tracking during analysis. Zircon crystals displaying numerous 
cracks and/or mineral/melt inclusions were excluded from analysis.
U-Pb isotope analyses were obtained using an Agilent 8800 LA-ICP-MS at the 
Queensland University of Technology Central Analytical Research Facility (CARF). 
Data acquisition involved 25 seconds of background measurement followed by 30 
seconds of sample ablation in a He atmosphere using a laser beam diameter of 30 µm. 
External standardisation of mass bias and U-Pb fractionisation was exercised using 
Temora-2 as the calibration standard (416.78 ± 0.33 Ma, Black et al., 2004) and the 
Plešovice zircon as a monitor or check standard (337.13 ± 0.37 Ma, Sláma et al., 2008). 
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Figure A3.7. Geochronology data. (a) Relative 
probability plot of detrital zircon ages for all 
sedimentary samples. (b) Mean-weighted 
average plot for the youngest population from 
all sedimentary samples combined. (c) Mean-
weighted average plot for the single volcanic 
sample (MG-14-006).
The NIST SRM 610 glass standard was used to calculate trace element concentrations 
(Longerich et al., 1996; Jochum et al., 2011), with internal standardisation by 
stoichiometric ratios (32.8% Si in zircon) 
also employed. Raw data were processed 
using IOLITE software (Paton et al., 2011) 
and population weighted average ages 
calculated using the Isoplot 3.7 toolkit 
(Ludwig, 2003). Because samples were 
analysed in different sessions, IOLITE’s 
propagated uncertainties were used 
(Paton et al., 2011). The extra uncertainty, 
beyond homogeneity of the analysis 
itself, was ~80% larger, reflecting the 
uncertainty in the primary standard and 
how standards are fitted from one session 
to the next.
A3.4.3.2. GEOCHRONOLOGICAL 
RESULTS
U-Pb analyses of four clastic sedimentary 
samples and one interbedded andesitic 
flow yielded 478 concordant detrital zircon 
ages and 14 concordant primary zircon 
ages. For sedimentary samples, ~81% of 
concordant analyses were Carboniferous 
in age and ~13% Early Permian. Only 
13 detrital zircon ages of the 478 
analysed pre-date the Devonian period. 
All sedimentary samples presented a 
dominant zircon population between ~308 
Ma and ~317 Ma (Fig. A3.7a). Samples 
MG-14-011 and MG-14-012 presented 
additional significant age populations 
at ~338 Ma and ~333 Ma, respectively 
(Fig. A3.7a). These age populations fall 
within the timeframe suggested for arc 
magmatism in the New England Orogen 
(~350–305 Ma, Glen, 2005).
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Mean weighted average ages were calculated for the youngest populations of each of the 
four sedimentary samples, with the derived ages providing constraints on the maximum 
depositional age for Manning Basin rocks. Youngest populations were determined from 
probability density plots, whereby the youngest three or more grains that overlapped in 
age by 2σ were considered as a permissible chronological constraint (Dickinson and 
Gehrels, 2009). The general consistency in populations between the different sedimentary 
samples (Fig. A3.7a) and the overlap (in 2σ error) of ages for the youngest grains (Fig. 
A3.7b) suggest that the sedimentary samples can be merged to produce a single robust 
age constraint for deposition of the basin material. A combined mean weighted average 
age for all sedimentary samples yielded a youngest age population of 288.5 ± 2.1 Ma (Fig. 
A3.7b) for the Manning Basin sequence. The youngest population for any single sample 
was 285.9 ± 5.7 Ma (sample MG-14-012, n=5, see supplementary file).
For the volcanic sample (MG-14-006), 13 of the 14 concordant analyses revealed 
Late Devonian-Carboniferous ages falling between 344 and 370 Ma, with the single 
younger outlier dated to ~326 Ma. A mean weighted average age (excluding the 
younger outlier) gave 357.6 ± 4.4 Ma (Fig. A3.7c). This result is considerably older 
than the calculated maximum depositional age for sedimentary samples given above. 
Thus, the sedimentary sequence, in which sample MG-14-006 is interbedded, must be 
older and is not a part of the Manning Basin.
A3.5. DISCUSSION
A3.5.1. STRUCTURE OF THE MANNING BASIN
Our results indicate that rocks within the Manning Basin are folded and faulted. The 
observations and geometrical analysis indicate that fold axial planes are oriented 
~NW-SE in the west block and ~NNE-SSW in the east block (Fig. A3.2). The strike of 
bedding is more variable, particularly in the eastern block, but its general orientation is 
parallel to the trend of the macroscopic folds. We suggest that these folds, which show 
two distinct orientations in the east and west blocks, were produced prior to the final 
stage of oroclinal bending. The original orientation of these folds was likely uniform, 
with the abrupt change in the structural trend possibly resulting from block rotations 
during a later stage of oroclinal bending.
The dominant structural grain observed is consistent with the orientations expected at 
the hinge area of the Manning Orocline. Accordingly, the central position where east 
and west blocks adjoin (near Mount George) may represent the approximate location 
of the hinge of the orocline.
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The overall structure of the Manning Basin is consistent with previous suggestions on 
the geometry of the Manning Orocline (Glen and Roberts, 2012; Li and Rosenbaum, 
2014). Previous studies on the oroclinal structure were mainly focussed on deformation 
in the older tectonostratigraphic units, such as the belt of early Paleozoic serpentinites 
(Korsch and Harrington, 1987) and the Devonian-Carboniferous forearc basin and 
accretionary complex rocks (Geeve et al., 2002; Glen and Roberts, 2012; Li and 
Rosenbaum, 2014; Mochales et al., 2014). Nonetheless, the question whether the 
Manning Orocline exists has remained controversial (Lennox et al., 2013; Li and 
Rosenbaum, 2015; Offler et al., 2015). Our new data from the Manning Basin provide 
additional independent constraints that support the existence of the orocline.
A3.5.2. PROVENANCE OF THE MANNING BASIN
U-Pb analyses of detrital zircons from the Manning Basin yielded a combined calculated 
youngest population of 288.5 ± 2.1 Ma (Fig. A3.7b), indicating that the depositional age 
of the sedimentary succession is younger than this age. This new age constraint for 
the deposition of the Manning Basin is consistent with biostratigraphic observations of 
Lower Permian marine fauna within the sedimentary succession (Voisey, 1938, 1939; 
Mayer, 1969; Voisey and Packham, 1969; Mayer, 1972; Brennan, 1976; Laurie, 1976; 
Engel and Laurie, 1978; Briggs, 1987, 1991; Jenkins, 1992; Vickers and Aitchison, 
1992, 1993; Sharp, 1995), and with recently obtained U-Pb detrital zircon ages from 
the Nambucca Block (ca. 285 and ca. 299 Ma, Shaanan et al., 2015).
Unique to the Manning Basin, however, is the recognition of sheared serpentinite 
clasts within the sedimentary pile, which is an observation that was also reported by 
earlier investigators (Mayer, 1972; Cross et al., 1987; Allan and Leitch, 1990; Jenkins, 
1992; Sharp, 1995). Given the propensity of fragile serpentinites to be destroyed 
during transport, this observation indicates a very localised derivation of sedimentary 
material. Throughout the southern New England Orogen, serpentinites occur almost 
exclusively within the Peel-Manning Fault system (Cawood and Leitch, 1985; Korsch 
and Harrington, 1987; Aitchison et al., 1994), thus indicating proximal relationships 
between this fault system and the Manning Basin.
The dated andesite (MG-14-006, see Fig. A3.2) was sampled from strata previously 
mapped as belonging to the easternmost part of the Manning Basin (e.g., Gilligan et 
al., 1987), appearing in outcrop as an interbedded volcanic flow of significant lateral 
extent. U-Pb analysis of primary zircons from this andesite revealed a weighted average 
U-Pb crystallisation age of 357.6 ± 4.4 Ma (Fig. A3.7c), indicating that the sedimentary 
sequence confining this volcanic flow is significantly older and, thus, does not belong 
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to the Lower Permian Manning Basin. This sequence likely represents a section of the 
adjacent Upper Devonian to Carboniferous forearc basin, with this sample expressing 
a relatively early stage of arc-related volcanism (~350 Ma, Glen, 2005). The calculated 
age of this volcanic sample, although not useful as a chronological marker for deposition 
of the Manning Basin, constrains the maximum age of arc magmatism, and defines the 
eastern spatial extent of the Manning Basin. The amended map now shows the Mooral 
Creek Serpentinite to be located at the easternmost boundary of the Manning Basin 
(Fig. A3.2), consistent with the occurrence of serpentinites at the fringes of the basin.
A3.5.3. TECTONIC IMPLICATIONS
Lower Permian sedimentary successions within the southern New England Orogen 
have been suggested to represent rift related extensional basins (Leitch, 1988; 
Shaanan et al., 2015). These sedimentary successions (Dyamberin and Nambucca 
blocks, Manning Basin, and other outliers in the area of the Texas Orocline; Fig. A3.1b) 
were deposited contemporaneously with the Sydney-Gunnedah-Bowen Basin System, 
and may have formed as part of the so-called Early Permian East Australian Rift 
System (Korsch et al., 2009). Recent provenance studies on Lower Permian basinal 
successions of the Texas Orocline (Campbell et al., in review) and the Nambucca Block 
(Shaanan et al., 2015) support the suggestion that these basins formed in response to 
regional backarc extension. In contrast, our observations from the Manning Basin do 
not support the idea that this basin is part of a single larger basin (e.g., Leitch, 1988), 
but rather demonstrate a close genetic link between basin formation and activity on 
the Peel-Manning Fault System. Thus, the unique origin of the Manning Basin may 
provide important insight into the types of processes that led to the formation of the 
New England oroclines in the Early Permian.
The Peel-Manning Fault System separates two major Devonian-Carboniferous 
subduction-related units (forearc basin and accretionary complex), and is marked 
by the occurrence of early Paleozoic serpentinites (Cawood and Leitch, 1985; 
Korsch and Harrington, 1987; Aitchison et al., 1994). In the study area, these two 
tectonostratigraphic units are not in direct contact, but instead host the Manning Basin 
in between. Additionally, the faulted margins of the Manning Basin are marked by the 
occurrence of sheared serpentinite bodies. Filtered aeromagnetic data indicate that the 
basin-bounding faults are strike-slip dominated, allowing the associated serpentinites 
(clearly distinguished in aeromagnetic images) to be used effectively as offset markers 
(e.g., Fig. A3.6). These observations indicate that the present-day spatial distribution 
of serpentinites at the faulted edges of the Manning Basin represents fragmented 
segments of the Peel-Manning Fault System. Furthermore, our observations imply that 
segments of the Peel-Manning Fault System are the boundary faults of the Manning Basin.
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A number of observations suggest that 
the development of the Manning Basin 
was intimately linked to the Peel-Manning 
Fault System. Firstly, the basin is fault-
bounded by (predominantly) strike-slip 
faults. Secondly, the deposition of a 
thick pile of diamictites indicates rapid 
sedimentation, possibly adjacent to an 
active fault system. Thirdly, the presence 
of sheared serpentinite clasts within the 
sedimentary pile is indicative of localised 
detritus input from the Peel-Manning 
Fault System. Fourthly, the position of the 
Manning Basin, between forearc basin 
and accretionary complex strata, mimics 
the structural setting of the Peel-Manning 
Fault System elsewhere in the southern 
New England Orogen (Fig. A3.1b). We 
therefore suggest that the Manning 
Basin formed as a pull-apart basin in a 
transtensional strike-slip setting, which 
likely accompanied the initial stage of 
bending of the Manning Orocline (Fig. A3.8).
Bedding and fold orientations suggest 
that the two major blocks of the Manning 
Basin were deposited as a single entity 
(Fig. A3.8a), with outliers of the basin 
occurring farther north along the Peel-
Manning Fault System (Figs. A3.1, and 
A3.8a) likely developing as smaller pull-
apart basins by a similar process. The 
original NW-SE trending folds, which were 
oriented oblique or sub-parallel to the 
basin structure, were developed during an 
early stage of deformation. Whether these 
folds developed in response to sinistral 
Figure A3.8. Schematic tectonic reconstruction 
for the development of the Manning Basin at the 
hinge of the Manning Orocline. (a) Initial opening 
of the Manning Basin and several smaller outliers 
in the Early Permian under transtension. During 
regional ~E-W extension, sinistral shear on the 
southern part of the Peel-Manning Fault System 
occurs leading to the development of a series of 
left step-overs (transtensional pull-apart basins) 
into which locally sourced detritus rapidly deposits. 
(b) Subsequent compression acts to fold the basin 
about an ~NNW-SSE axis resulting in the mirrored 
bedding and fold orientations observed in outcrop. 
The simplified stereoplot shows the axial plane 
fields (light blue) of Manning Basin folds (west 
and east blocks; see Fig. A3.2). The orientation 
of these structures demonstrates ~ 90° of basin 
rotation. (c) Regional location map to the figure 
(present-day configuration).
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strike-slip faulting is unclear. A later stage of deformation was responsible for block 
rotations around an ~NNW-SSE axis (Fig. A3.8b), thus forming the final curvature of 
the Manning Orocline (Fig. A3.8c).
It appears that oroclinal bending involved at least two stages, with the earlier stage 
occurring during basin formation and strike-slip faulting. The link between basin 
formation and oroclinal bending is consistent with a large number of geological 
observations that indicate that the southern New England Orogen was likely positioned 
in a backarc extensional environment in the Early Permian (Holcombe et al., 1997; 
Korsch et al., 2009; Rosenbaum, 2012; Rosenbaum et al., 2012; Shaanan et al., 2015). 
The transition from a forearc position in the latest Carboniferous to a backarc position 
in the Early Permian suggests significant trench retreat, which may have played an 
important role driving oroclinal bending (Rosenbaum, 2012; Shaanan et al., 2015). 
Such a mechanism may have also driven sinistral shearing on the southern extension 
of the Peel-Manning Fault System, with a series of left step-overs (transtensional 
pull-apart basins) developed as accommodation structures that were filled by locally 
sourced detritus.
A3.6. CONCLUSIONS
The Manning Basin presents structural features that support the proposed shape of the 
Manning Orocline, indicating that deposition of the sedimentary rocks occurred prior 
to or during oroclinal bending. An abrupt change in the orientation of bedding traces 
and fold axial planes occurs in between the west and east blocks, possibly indicating 
that one block is rotated relative to the other. Our new age constraints indicate that 
deposition took place at or shortly after 288 Ma, simultaneously with sedimentation in 
other Lower Permian basins in the southern New England Orogen. However, unlike 
the other Lower Permian sedimentary basins in the southern New England Orogen, 
the Manning Basin and its satellite outliers are spatially associated with the Peel-
Manning Fault System, thus suggesting a possible origin as a pull-apart basin in a 
transtensional strike-slip system. Subsequent block rotations have further amplified 
the oroclinal structure, forming the final geometry of the Manning Orocline (Li and 
Rosenbaum, 2014).
69
Appendix 3
A3.7. ACKNOWLEDGEMENTS
This research was funded by Australian Research Council grant DP130100130. The 
supplementary file to this work (see Digital Appendix 6, contains the LA-ICP-MS data, 
the cumulative proportion and mean weighted average plots for individual samples, and 
several additional filtered geophysical datasets used in the structural interpretations. 
These data are also available from the authors upon request (l.white7@uq.edu.au). We 
thank Derek Hoy for sample preparation assistance and conceptual discussion, Abbas 
Babaahmadi for helping with the interpretation of aeromagnetic data, and Matthew 
Campbell for assistance in the field.
A3.8. REFERENCES
Aitchison, J. C., Blake, M. C., Flood, P. G., and Jayko, A. S., 1994, Paleozoic ophiolitic assemblages 
within the southern New England Orogen of eastern Australia – Implications for growth of the 
Gondwana margin: Tectonics, v. 13, no. 5, p. 1135–1149.
Aitchison, J. C., and Flood, P. G., 1992, Early Permian transform margin development of the southern 
New England Orogen, eastern Australia (eastern Gondwana): Tectonics, v. 11, no. 6, p. 1385–1391.
Allan, A. D., 1987, Geology and tectonic significance of Devonian and Permian seqences in the upper 
Barnard River district, New South Wales, BSc (Hons): University of Sydney.
Allan, A. D., and Leitch, E. C., 1990, The tectonic significance of unconformable contacts at the 
base of early Permian sequences, southern New England Fold Belt: Australian Journal of Earth 
Sciences, v. 37, no. 1, p. 43–49.
Black, L. P., Kamo, S. L., Allen, C. M., Davis, D. W., Aleinikoff, J. N., Valley, J. W., Mundil, R., Campbell, I. H., 
Korsch, R. J., Williams, I. S., and Foudoulis, C., 2004, Improved 206Pb/238U microprobe geochronology 
by the monitoring of a trace-element-related matrix effect; SHRIMP, ID-TIMS, ELA-ICP-MS and oxygen 
isotope documentation for a series of zircon standards: Chemical Geology, v. 205, no. 1–2, p. 115–140.
Brennan, P. V., 1976, The Geology of the Marlee-Mooral Creek area, BSc (Hons): University of Newcastle.
Briggs, D. J. C., Permian productid zones of NSW, in Proceedings Advances in the study of the Sydney 
Basin: Proceedings of the Symposium, Newcastle, 1987, Volume 21, Department of Geology, 
University of Newcastle, p. 135–142.
Briggs, D. J. C., Correlation charts for the Permian of the Sydney-Bowen basin and New England 
Orogen, in Proceedings Advances in the study of the Sydney Basin: Proceedings of the Symposium, 
Newcastle, 1991, Department of Geology, University of Newcastle.
Brown, R. E., 1987, Newly defined stratigraphic units from the western New England Fold Belt, Manilla 
1:250,000 sheet area: Geological Survey of Australia Quarterly Notes.
Campbell, M., Rosenbaum, G., Shaanan, U., Fielding, C., and Allen, C., accepted pending minor 
revisions, The tectonic significance of Lower Permian successions in the Texas Orocline (Eastern 
Australia): Australian Journal of Earth Sciences.
Cawood, P. A., and Leitch, E. C., 1985, Accretion and dispersal tectonics of the southern New England 
Fold Belt, eastern Australia, in Howell, D. G., ed., Tectonostratigraphic Terranes of the Circum-
Pacific Region, Circum-Pacific Council of Energy and Mineral Resources, p. 481–492.
Cawood, P. A., Pisarevsky, S. A., and Leitch, E. C., 2011, Unraveling the New England orocline, east 
70
Appendix 3
Gondwana accretionary margin: Tectonics, v. 30, no. 5, p. TC5002.
Collins, W. J., 1991, A reassessment of the ‘Hunter-Bowen Orogeny’: Tectonic implications for the 
southern New England Fold Belt: Australian Journal of Earth Sciences, v. 38, no. 4, p. 409–423.
Cross, K. C., Fergusson, C. L., and Flood, P. G., 1987, Contrasting structural styles in the Paleozoic 
subduction complex of the southern New England Orogen, eastern Australia, Terrane Accretion and 
Orogenic Belts, Volume 19: Washington, DC, AGU, p. 83–92.
Dickinson, W. R., and Gehrels, G. E., 2009, Use of U-Pb ages of detrital zircons to infer maximum 
depositional ages of strata: A test against a Colorado Plateau Mesozoic database: Earth and 
Planetary Science Letters, v. 288, no. 1–2, p. 115–125.
Dirks, P. H. G. M., Hand, M., Collins, W. J., and Offler, R., 1992, Structural Metamorphic Evolution of the 
Tia Complex, New England Fold Belt – Thermal Overprint of an Accretion Subduction Complex in a 
Compressional Back-Arc Setting: Journal of Structural Geology, v. 14, no. 6, p. 669–688.
Engel, B. A., and Laurie, J. R., 1978, A new species of the Permian trilobite Doublatiafrom the Manning 
District, New South Wales: Alcheringa: An Australasian Journal of Palaeontology, v. 2, no. 1, p. 49–54.
Geeve, R. J., Schmidt, P. W., and Roberts, J., 2002, Paleomagnetic results indicate pre-Permian 
counter-clockwise rotation of the southern Tamworth Belt, southern New England Orogen, Australia: 
Journal of Geophysical Research, v. 107, no. B9.
Gilligan, L. B., Brownlow, J. W., and Cameron, R. G., 1987, Tamworth-Hastings New South Wales, 
1:250 000 metallogenic series map. Sheets SH 56-13, SH/56-14: Geological Survey of New South 
Wales, scale 1:250,000.
Glen, R. A., 2005, The Tasmanides of eastern Australia, in Vaughan, A. P. M., Leat, P. Y., and Pankhurst, 
R. J., eds., Terrane processes at the margins of Gondwana, Volume 246, Geological Society of 
London Special Publication, p. 23–96.
Glen, R. A., 2013, Refining accretionary orogen models for the Tasmanides of eastern Australia: 
Australian Journal of Earth Sciences, v. 60, no. 3, p. 315–370.
Glen, R. A., and Roberts, J., 2012, Formation of oroclines in the New England Orogen, eastern Australia: 
Journal of the Virtual Explorer, v. 43, no. 3, p. 1–38.
Gutiérrez-Alonso, E., Johnston, S. T., Weil, A. B., Pastor-Galán, D., and Fernández-Suárez, v., 2012, 
Buckling an orogen: The Cantabrian Orocline: GSA Today, v. 22, no. 7.
Holcombe, R. J., Stephens, C. J., Fielding, C. R., Gust, D., Little, A., Sliwa, R., McPhie, J., and Ewart, A., 1997, 
Tectonic evolution of the northern New England Fold Belt: Carboniferous to Early Permian transition from 
active accretion to extension: Geological Society of Australia Special Publication, v. 19, p. 66–79.
Jenkins, R., 1992, A geologic and thermal history of the Manning group, 26th Newcastle Symposium, 
Advances in the study of the Sydney Basin: Newcastle.
Jenkins, R. B., 1997, Crustal Evolution of the Southern New England Fold Belt During the Carboniferous 
and Early Permian: Evidence from Volcanic Rocks and the Early Permian Manning Group, BSc: 
University of Newcastle.
Jenkins, R. B., and Offler, R., 1996, Metamorphism and deformation of an Early Permian extensional 
basin sequence: The Manning Group, southern New England Orogen: Australian Journal of Earth 
Sciences, v. 43, no. 4, p. 423–435.
Jochum, K. P., Weis, U., Stoll, B., Kuzmin, D., Yang, Q., Raczek, I., Jacob, D. E., Stracke, A., Birbaum, K., Frick, D. 
A., Günther, D., and Enzweiler, J., 2011, Determination of Reference Values for NIST SRM 610–617 Glasses 
Following ISO Guidelines: Geostandards and Geoanalytical Research, v. 35, no. 4, p. 397–429.
Johnston, S. T., Weil, A. B., and Gutierrez-Alonso, G., 2013, Oroclines: Thick and thin: Geological 
Society of America Bulletin, v. 125, no. 5–6, p. 643–663.
71
Appendix 3
Korsch, R. J., and Harrington, H. J., 1987, Oroclinal bending, fragmentation and deformation of terranes in 
the New England Orogen, eastern Australia, in Leitch, E. C., and Scheibner, E., eds., Terrane accretion 
and orogenic belts, Volume 19: Washington, DC, American Geophysical Union, p. 129–139.
Korsch, R. J., Totterdell, J. M., Cathro, D. L., and Nicoll, M. G., 2009, Early Permian east Australian rift 
system: Australian Journal of Earth Sciences, v. 56, no. 3, p. 381–400.
Laurie, J. R., 1976, The Geology of the Kimbriki Area, BSc (Hons): University of Newcastle.
Leitch, E. C., 1974, The geological development of the southern part of the New England Fold Belt: 
Australian Journal of Earth Sciences, v. 21, no. 2, p. 133–156.
Leitch, E. C., 1988, The Barnard Basin and the Early Permian development of the southern part of the 
New England Fold Belt, in Kleeman, J. D., ed., New England Orogen - Tectonics and Metallogenesis: 
Armidale, University of New England, p. 61–67.
Lennox, M., and Flood, P. G., 1997, Age and structural characterization of the Texas megafold, southern 
New England Orogen, eastern Australia, in Ashley, P. M., and Flood, P. G., eds., Tectonics and 
metallogenesis of the New England Orogen: Alan Voisey memorial, Volume 19, Geological Society 
of Australia Special Publication, p. 161–177.
Lennox, P. G., Offler, R., and Yan, J., 2013, Discussion of Glen R. A. and Roberts J. 2012: Formation of oroclines in 
the New England Orogen, eastern Australia. In: Oroclines (Eds.) Stephen Johnston and Gideon Rosenbaum, 
Journal of the Virtual Explorer, volume 43, paper 3.: Journal of the Virtual Explorer, v. 44.
Li, P., and Rosenbaum, G., 2014, Does the Manning Orocline exist? New structural evidence from the inner 
hinge of the Manning Orocline (eastern Australia): Gondwana Research, v. 25, no. 4, p. 1599–1613.
Li, P., and Rosenbaum, G., 2015, Reply to comment by Offler et al. on “Does the Manning Orocline 
exist? New structural evidence from the inner hinge of the Manning Orocline (eastern Australia)”: 
Gondwana Research, v. 27, no. 4, p. 1689–1691.
Li, P., Rosenbaum, G., and Donchak, P. J. T., 2012, Structural evolution of the Texas Orocline, eastern 
Australia: Gondwana Research, v. 22, no. 1, p. 279–289.
Li, P., Rosenbaum, G., and Rubatto, D., 2012, Triassic asymmetric subduction rollback in the southern 
New England Orogen (eastern Australia): The end of the Hunter-Bowen Orogeny: Australian Journal 
of Earth Sciences, v. 59, no. 6, p. 965–981.
Li, P., Rosenbaum, G., and Vasconcelos, P., 2014, Chronological constraints on the Permian geodynamic 
evolution of eastern Australia: Tectonophysics, v. 617, p. 20–30.
Lonergan, L., and White, N., 1997, Origin of the Betic-Rif mountain belt: Tectonics, v. 16, no. 3, p. 504–522.
Longerich, H. P., Jackson, S. E., and Gunther, D., 1996, Inter-laboratory note. Laser ablation inductively 
coupled plasma mass spectrometric transient signal data acquisition and analyte concentration 
calculation: Journal of Analytical Atomic Spectrometry, v. 11, no. 9, p. 899–904.
Ludwig, K. R., 2003, Isoplot 3.75 a geochronological toolkit for Microsoft Excel, Special publication, 
Berkeley Geochronology Center: 2455 Ridge Road, Berkeley CA 94709, p. 75.
Mayer, W., 1969, Permian sedimentary rocks from southern New England: Australian Journal of 
Science, v. 32, no. 2, p. 55–56.
Mayer, W., 1972, Palaeozoic sedimenetary rocks from southern New England: A sedimentological 
evaluation, PhD: University of New England, p. 258.
Mochales, T., Rosenbaum, G., Speranza, F., and Pisarevsky, S. A., 2014, Unraveling the geometry of the New 
England oroclines (eastern Australia): Constraints from magnetic fabrics: Tectonics, p. 2013TC003483.
Morra, G., Regenauer-Lieb, K., and Giardini, D., 2006, Curvature of oceanic arcs: Geology, v. 34, 
no. 10, p. 877–880.
72
Appendix 3
Nano, S. C., 1987, Geology of the Mummel River area (folds, faults and gold) – Nowendoc, northeastern 
New South Wales, BSc (Hons): University of New England.
Offler, R., and Foster, D. A., 2008, Timing and development of oroclines in the southern New England 
Orogen, New South Wales: Australian Journal of Earth Sciences, v. 55, no. 3, p. 331–340.
Offler, R., Lennox, P. G., Phillips, G., and Yan, J., 2015, Comment on: “Does the Manning Orocline 
exist? New structural evidence from the inner hinge of the Manning Orocline (eastern Australia)” by 
Li and Rosenbaum (2014). Gondwana Research: Gondwana Research, v. 27, no. 4, p. 1686–1688.
Pastor-Galán, D., Gutiérrez-Alonso, G., Zulauf, G., and Zanella, F., 2012, Analogue modeling of 
lithospheric-scale orocline buckling: Constraints on the evolution of the Iberian-Armorican Arc: 
Geological Society of America Bulletin.
Paton, C., Hellstrom, J., Paul, B., Woodhead, J., and Hergt, J., 2011, Iolite: Freeware for the visualisation and 
processing of mass spectrometric data: Journal of Analytical Atomic Spectrometry, v. 26, no. 12, p. 2508–2518.
Price, I., 1973, A new Permian and upper Carboniferous (?) succession near Woodsreef, N.S.W. and its 
bearing on the palaeogeography of western New England: Journal and Proceedings of the Linnaean 
Society of New South Wales, v. 97, p. 202–210.
Roberts, J., and Engel, B. A., 1987, Depositional and tectonic history of the southern New England 
Orogen: Australian Journal of Earth Sciences, v. 34, no. 1, p. 1–20.
Roberts, J., Leitch, E. C., Lennox, P. G., and Offler, R., 1995, Devonian-Carboniferous stratigraphy of 
the southern Hastings Block, New England Orogen, eastern Australia: Australian Journal of Earth 
Sciences, v. 42, no. 6, p. 609–633.
Rosenbaum, G., 2012, Oroclines of the southern New England Orogen, eastern Australia: Episodes, 
v. 35, no. 1, p. 187–194.
Rosenbaum, G., 2014, Geodynamics of oroclinal bending: Insights from the Mediterranean: Journal of 
Geodynamics, v. 82, p. 5–15.
Rosenbaum, G., Li, P., and Rubatto, D., 2012, The contorted New England Orogen (eastern Australia): New 
evidence from U-Pb geochronology of Early Permian granitoids: Tectonics, v. 31, no. 1, p. TC1006.
Rosenbaum, G., and Lister, G. S., 2004, Formation of arcuate orogenic belts in the western Mediterranean 
region, in Sussman, A. J., and Weil, A. B., eds., Orogenic curvature: Integrating paleomagnetic 
and structural analyses, Volume 383: Orogenic curvature: Integrating paleomagnetic and structural 
analyses, Geological Society of America Special Papers, p. 41–56.
Royden, L. H., 1993, Evolution of retreating subduction boundaries formed during continental collision: 
Tectonics, v. 12, no. 3, p. 629–638.
Schellart, W. P., and Lister, G. S., 2004, Tectonic models for the formation of arc-shaped convergent 
zones and backarc basins: Geological Society of America Special Papers, v. 383, p. 237–258.
Shaanan, U., Rosenbaum, G., Li, P., and Vasconcelos, P., 2014, Structural evolution of the Early Permian 
Nambucca Block (New England Orogen, eastern Australia) and implications for oroclinal bending: 
Tectonics, v. 33, no. 7, p. 1425–1443.
Shaanan, U., Rosenbaum, G., Pisarevsky, S., and Speranza, F., in press, Paleomagnetic data from the 
New England Orogen (eastern Australia) and implications for oroclinal bending: Tectonophysics.
Shaanan, U., Rosenbaum, G., and Wormald, R., 2015, Provenance of the Early Permian Nambucca 
Block (eastern Australia) and implications for the role of trench retreat in accretionary orogens: 
Geological Society of America Bulletin, v. 127, no. 7–8, p. 1052–1063.
Sharp, T. R., 1995, The Manning Group of the Curricabark District - stratigraphy, sedimentology and 
tectonics, MSc: University of Technology.
73
Appendix 3
Shaw, S. E., and Flood, R. H., 1981, The New England Batholith, eastern Australia – Geochemical 
variations in time and space: Journal of Geophysical Research, v. 86, no. Nb11, p. 530–544.
Skilbeck, C. G., Sharp, T. R., and Leitch, E. C., 1994, Sequence and sedimentology of early Permian sections 
along the Peel-Manning Fault System, in Diessel, C. F. K., and Boyd, R. L., eds., Advances in the study 
of the Sydney Basin: Newcastle, Department of Geology, University of Newcastle, p. 78–85.
Sláma, J., Košler, J., Condon, D. J., Crowley, J. L., Gerdes, A., Hanchar, J. M., Horstwood, M. S. A., Morris, 
G. A., Nasdala, L., Norberg, N., Schaltegger, U., Schoene, B., Tubrett, M. N., and Whitehouse, M. J., 
2008, Plešovice zircon – A new natural reference material for U-Pb and Hf isotopic microanalysis: 
Chemical Geology, v. 249, no. 1–2, p. 1–35.
Vickers, M. D., and Aitchison, J. C., 1992, Lower Permian Manning Group: Tectonic implications of 
sedimentary architecture & provenance studies in the Nowendoc-Cooplacurripa area, in Diessel, C. 
F. K., and Boyd, R. L., eds., Advances in the study of the Sydney Basin: Newcastle, Department of 
Geology, University of Newcastle, p. 31–38.
Vickers, M. D., and Aitchison, J. C., 1993, Lower Permian Manning Group at Kangaroo Tops, southern 
New England Orogen: Tectonic implications of basin studies, in Flood , P. G., and Aitchison, J. C., 
eds., New England Orogen, eastern Australia: Armidale, University of New England, p. 309–314.
Voisey, A. H., 1938, The upper Palaeozoic rocks in the neighbourhood of Taree: Journal and Proceedings 
of the Linnaean Society of New South Wales, v. 63, p. 453–463.
Voisey, A. H., 1939, The upper Palaeozoic rocks between Mount George and Wingham, New South 
Wales: Journal and Proceedings of the Linnaean Society of New South Wales, v. 64, p. 242–254.
Voisey, A. H., 1958, Further remarks on the sedimentary formations  of New South Wales: Journal and 
Proceedings of the Royal Society of New South Wales, v. 91, p. 165–189.
Voisey, A. H., and Packham, G. H., 1969, Permian system: Journal of the Geological Society of Australia.
Weil, A. B., Gutierrez-Alonso, G., Johnston, S. T., and Pastor-Galan, D., 2013, Kinematic constraints on 
buckling a lithospheric-scale orocline along the northern margin of Gondwana: A geologic synthesis: 
Tectonophysics, v. 582, p. 25–49.
Xiao, W., Huang, B., Han, C., Sun, S., and Li, J., 2010, A review of the western part of the Altaids: A key to 
understanding the architecture of accretionary orogens: Gondwana Research, v. 18, no. 2–3, p. 253–273.
Appendix 4
This Appendix is accepted pending revisions for publication in Australian Journal of Earth Sciences as:
The tectonic significance of Lower Permian successions in 
the Texas Orocline (Eastern Australia)
Campbell, M., Rosenbaum, G., Shaanan, U., Fielding, C., and Allen, C.
A4.1. ABSTRACT
The Texas Orocline is a prominent orogenic curvature that developed during the Early 
Permian in the southern New England Orogen. Outliers preserving Lower Permian 
sedimentary successions (Bondonga, Silver Spur, Pikedale, Terrica, Alum Rock and 
Ashford) approximately outline the oroclinal structure, but the tectonic processes 
responsible for the development of these basinal successions and their relationships 
to the Texas Orocline are still unclear. Here we address this shortcoming by providing 
new U-Pb detrital and primary zircon ages from these successions, as well as detailed 
stratigraphic and structural data from the largest exposed succession (Bondonga 
beds). Field observations and U-Pb geochronological data suggest that the Lower 
Permian successions in the Texas Orocline are remnants of a single, formerly larger 
basin that was deposited after ~302 Ma. Time constraints for deposition of this 
basin are correlative with constraints for the Lower Permian Nambucca Block. Basin 
formation was likely triggered by regional backarc extension, which occurred during 
and/or after the development of the Texas Orocline. These results, therefore, further 
support the suggestion that oroclinal bending was primarily controlled by trench retreat 
and associated overriding-plate extension.
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A4.2. INTRODUCTION
The New England Orogen is a late Paleozoic to early Mesozoic subduction-related 
orogen that constitutes the easternmost part of the Australian continent (Fig. A4.1a). 
The southern part of the orogen is characterised by a series of sharp bends (oroclines), 
which include the Texas, Coffs Harbour, Manning and Nambucca oroclines (Fig. 
A4.1b). The shape of the oroclines is recognised by the arrangement of Devonian-
Carboniferous forearc basin blocks (Fig. A4.1c; Cawood et al., 2011a; Glen and Roberts, 
2012; Hoy et al., 2014), the curvature of structural and magnetic fabrics (Fig. A4.1c; 
Lennox and Flood, 1997; Aubourg et al., 2004; Li et al., 2012, Li and Rosenbaum, 
2014; Mochales et al., 2014), the map-view curvature of Lower Permian granitoids 
(Fig. A4.1d; Rosenbaum et al., 2012), and the trace of a Paleozoic serpentinite belt 
(Fig. A4.1e; Korsch and Harrington, 1987; Rosenbaum, 2012). Time constraints for 
the formation of northern part of the New England oroclinal structure indicate that 
oroclinal bending occurred during the Early- to Middle Permian (Cawood et al., 2011b; 
Rosenbaum et al., 2012).
The Texas Orocline, which is the largest orocline in the New England Orogen (Fig. 
A4.1b), is best evident by the curvature of bedding and structural fabrics within 
Devonian-Carboniferous accretionary complex rocks (Lennox and Flood, 1997; Li et al., 
2012). Several outliers exposing Lower Permian sedimentary successions (Bondonga, 
Silver Spur, Pikedale, Terrica, Alum Rock and Ashford) occur in the vicinity of the Texas 
Orocline (Figs. A4.1f, and A4.2a; Donchak et al., 2007), but the relationship between 
their origin and the development of the orocline is still unclear. These Lower Permian 
outliers are thought to have formed simultaneously with the development of rift basins 
(Sydney-Gunnedah-Bowen Basin System) that extend along the entire western 
margin of the New England Orogen (Fig. A4.1a), and was likely developed in response 
to trench retreat (Korsch et al., 2009; Brooke-Barnett and Rosenbaum, 2015). The 
possibility that trench retreat has played a major role during oroclinal bending has been 
suggested by a number of authors (Rosenbaum et al., 2012; Shaanan et al., 2015), 
but additional data on the sedimentary and structural history of the Lower Permian 
successions are required in order to test this hypothesis.
In this paper, we present new U-Pb geochronological data from the Bondonga, 
Silver Spur, Pikedale and Terrica beds. The new geochronological data provide new 
constraints on the maximum age of deposition and the provenance of each of these 
successions. These data allow us to evaluate temporal relationships among the 
basins within the Texas Orocline. Out of the Permian successions in the area of the 
Texas Orocline, the Bondonga beds are the largest exposure (Fig. A4.2a), but the 
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lithology, stratigraphy and structure of this sedimentary succession have not received 
much attention in published literature. We therefore present a new geological map, 
stratigraphic description, cross section and structural analysis of the Bondonga beds 
that provide further insights into the depositional setting and tectonic history of this 
basin. A comparison of our new geochronological data with detrital zircon ages from 
other Lower Permian successions in the southern New England Orogen allow us to 
better understand the tectonic setting during oroclinal bending.
A4.3. GEOLOGICAL SETTING 
The geology of the easternmost part of the Australian continent is dominated by 
Paleozoic and early Mesozoic rocks of the New England Orogen (Fig. A4.1a, and b). 
The southern part of the New England Orogen predominantly consists of Devonian-
Carboniferous forearc basin and accretionary complex rocks (Tamworth Belt and 
Tablelands Complex, respectively; Leitch, 1974; Roberts and Engel, 1987). These 
two units are separated by a tectonic contact, the Peel-Manning Fault System, along 
which a lithological assemblage of early Paleozoic serpentinites and high-pressure 
metamorphic rocks are exposed (Fig. A4.1b, and e). In the area of the Texas Orocline, 
most of the exposed Paleozoic rocks belong to the Tableland Complex (Texas beds), 
and the contact between the Tamworth Belt and Tablelands Complex is concealed 
under younger sedimentary cover (Fig. A4.1b; Wartenberg et al., 2003; Brooke-Barnett 
and Rosenbaum, 2015).
The Devonian-Carboniferous rocks in the southern New England Orogen are intruded 
by a belt of Lower Permian S-type granitoids (298-288 Ma; Cawood et al., 2011a; 
Rosenbaum et al., 2012). This belt of granitoids outlines the curved structure of the 
Texas, Manning and Nambucca oroclines (Fig. A4.1d). Assuming that the curved shape 
of the granitic belt was achieved by oroclinal bending, Rosenbaum et al. (2012) have 
considered the age of the granites as a maximum constraint for the timing of oroclinal 
bending. Upper Permian to Triassic (260–230 Ma) magmatic rocks that crosscut the 
oroclinal structure indicate that the oroclines formed prior to 260 Ma (Cawood et al., 
2011b; Rosenbaum et al., 2012). Furthermore, paleomagnetic constraints for the 
Manning Orocline indicate that the southern part of the structure formed during the 
Early Permian (Shaanan et al., in press).
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Figure A4.1. Maps of East Australia, the southern New England Orogen and elements of the New 
England oroclinal structure. (a) East Australia with the New England Orogen (light brown), Sydney-
Gunnedah-Bowen Basin System and Galilee Basin (Blue). (b) Geological map of the southern New 
England Orogen.  (c-e) Geological elements that are marking the oroclinal structure; (c) Devonian-
Carboniferious forearc basin exposures and trend of structural fabric in Devonian-Carboniferous 
accretionary complex rocks, (d) Early Permian, S-type granitoids (298-283 Ma). (e) Early Paleozoic 
serpentinites. (f) Distribution of Early Permian sedimentary basins in the Texas Orocline. Dashed black 
line marks the strike of the axial plane of the Texas Orocline (Li et al., 2012). Abbreviations are: AL – 
Alum Rock beds, AS – Ashford Basin, BB – Bondonga beds, Cr – Cranky Corner Block, Dy – Dyamberin 
Block, Em – Emu Creek Block, Ha – Hastings Block, Ma – Manning Basin, Na – Nambucca Block, PK 
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Figure A4.2. Geological maps, stratigraphic column and cross section of the work area: (a) Simplified 
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through the Bondonga beds (no vertical exaggeration; see location on section b). (d) Google Earth 
image showing the locality and observed geological contacts for the Gibraltar Ignimbrite, Bondonga 
beds and Texas beds. 
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Lower Permian sedimentary rocks in the proximity of the New England Orogen 
predominantly belong to the Sydney Gunnedah and Bowen basins (Fielding et al., 
1997; Holcombe et al., 1997; Korsch et al., 2009). The origin of these basins is thought 
to be associated with extensional tectonism that possibly occurred in a backarc 
environment (Korsch et al., 2009). In addition to the large Sydney-Gunnedah-Bowen 
Basin System, smaller exposures of Lower Permian sedimentary successions are 
found throughout the southern New England Orogen. These include the Nambucca 
and Dyamberin blocks, Manning Basin and smaller outliers in the area of the Texas 
Orocline (Fig. A4.1b, and f). 
The exposures of Lower Permian sedimentary successions in the vicinity of the 
Texas Orocline (Silver Spur, Bondonga, Pikedale, Terrica, Alum Rock and Ashford) 
approximately trace the oroclinal structure (Fig. A4.1f). The Silver Spur, Terrica and 
Alum Rock beds unconformably overlie and/or are faulted against the accretionary 
complex rocks of the Texas beds (Olgers et al., 1974). The boundary between the 
Bondonga and Pikedale beds and the underlying Texas beds has not been established 
but has been assumed to be a fault contact (Olgers et al., 1974).
The dominant lithologies that make up the Lower Permian successions in the Texas 
Orocline are sandstone, pebbly sandstone, conglomerate, diamictite and mudrock 
(Olgers et al., 1974; Donchak et al., 2007). Clasts of chert, sandstone, and volcanic 
rocks in the Terrica, Silver Spur and Alum Rock beds are thought to be derived from 
the Carboniferous Texas beds (Olgers et al., 1974). Interbedded volcanic rocks are 
exposed in the Alum Rock (Berg, 1973) and Bondonga beds (Olgers et al., 1974; 
Donchak et al., 2007). Estimated thicknesses of the Pikedale, Terrica and Alum Rock 
beds range from 280 m to 320 m (Lucas, 1957; McDonagh, 1962; Berg, 1973), but 
correlations between the different successions have hitherto not been established. 
The best-constrained age for Lower Permian successions in the Texas Orocline is from 
the Alum Rock beds (Olgers et al., 1974; Roberts et al., 1996). The 280–320 m thick 
succession preserves lower Asselian macroinvertebrate fossils in the lower part of the 
succession, and mid-Sakmarian invertebrates from the top of the succession (Olgers 
et al., 1974). A U-Pb SHRIMP age of 293.73.4 Ma has been obtained from a pyroclastic 
rock from the upper part of the succession (Roberts et al., 1996). This indicates that 
the age of the Alum Rock conglomerate is predominantly Asselian (basal Permian). 
The lower half of the exposed succession preserves extensive diamictites, gravel-rich 
siltstones and conglomerates, with both land plant fossils and brachiopods (Olgers et 
al., 1974). A glaciomarine (to possibly fjordal) environment of deposition is indicated. 
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Furthermore, marine macrofossils identified in other Lower Permian successions of the 
Texas Orocline suggest an Early Permian age (McDonagh, 1962; Berg, 1973; Olgers 
et al., 1974). Early Permian marine macrofossils have also been identified at several 
localities within the Silver Spur and Bondonga beds (Olgers et al., 1974). Lucas (1957) 
identified crinoids and small spiriferid impressions (moulds) at the faulted base of the 
Terrica beds sequence. Permian fossils in the Terrica beds show similarities with fossils 
identified in the Alum Rock beds, suggesting a Cisuralian (Early Permian) age (Lucas, 
1957; Donchak et al., 2007). No fossils have been reported for the Pikedale beds, so 
the inferred Early Permian age of this succession is based on the lithological similarity 
to the adjacent Lower Permian successions (Olgers et al., 1974). 
The Bondonga beds are unconformably overlain (in the area of Mole River; Fig. A4.2c) 
by the Mosman Formation, which in turn is conformably overlain by the Gibraltar 
Ignimbrite (Fig. A4.2c, and d; Barnes and Willis, 1989). The Mosman Formation consists 
of 10–25 m of fluviolacustrine interbedded conglomerate, lithic/feldspathic sandstone 
and mudstone. Vickery (1972) recorded Permian Glossopteris-Gangamopteris flora 
in the Mosman Formation, suggesting that deposition of the Bondonga Beds did not 
continue after the Permian. The Gibraltar Ignimbrite has hitherto not been dated, but 
it has been suggested that this unit is correlative to the Middle to Upper Permian 
Emmaville Creek Volcanics (Barnes and Willis, 1989).
A4.4. GEOLOGY OF THE BONDONGA BEDS
A new geological map of the Bondonga beds (Fig. A4.2b) integrates field observations, 
filtered aeromagnetic data and information from previous published maps (Olgers et 
al., 1974; Donchak et al., 2007).
A4.4.1. STRATIGRAPHY, LITHOLOGY AND PETROGRAPHY  
Dominant lithologies identified in the Bondonga beds are sandstone, conglomerate 
and diamictite, with a total estimated thickness of approximately 1400 m (Fig. A4.3). 
The Bondonga beds show an overall shallowing-upward trend with massive clast- 
and matrix- supported conglomerates dominating the base of the succession (Fig. 
A4.3f-h). Toward the top of the succession, lithologies are predominantly sandstones 
and diamictites (Fig. A4.3b-e). Graded- and cross-bedding (e.g., across type locality; 
Fig. A4.2a) indicates younging to the east (Fig. A4.3e), and thus overturning. A basaltic 
horizon (sill) within the Bondonga beds was also identified (Fig. A4.3b). Parts of the 
Bondonga beds, especially towards the eastern contact with the Texas beds, have 
been silicified (Fig. A4.3a) making primary sedimentological features, such as cross-
bedding difficult to identify in these areas. 
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Figure A4.3. Stratigraphic column and corresponding field photos of the Bondonga beds. Taken across 
type locality shown in Fig. A4.2a (Start of type locality: 28.858192°S, 151.475608°E. End of type 
locality: 28.847397°S, 151.490666°E). (a) Steeply dipping silicified layered sandstone (28.846782°S, 
151.489534°E). (b, and c) Sandstone and interbedded basaltic sill (28.860173°S, 151.479838°E). (d) 
Massive diamictite containing rounded to sub-rounded clasts (2–5% clasts) ranging between 1–3 cm 
in diameter within a muddy matrix (28.860420°S 151.480367°E). (e) Interbedded sequence of graded 
bedding and diamictite (28.860376°S 151.480036°E). (f) Massive matrix supported conglomerate in the 
Bondonga beds (28.859563°S 151.478744°E). (g, and h) Massive clast-supported conglomerate at the 
base of the Bondonga beds (28.858295°S, 151.475764°E). 
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Brachipod fossils are abundant in specific sedimentary horizons (Figs. A4.3, and 
A4.4). The abundance and high quality of preservation (Fig. A4.4a-c) suggest limited 
transportation of the brachipods. Brachiopod fossils are commonly shallow shelf 
dwellers, thus suggesting that deposition of the Bondonga beds occurred in a shallow 
marine environment during the Early Permian.
Sandstones within the Bondonga beds vary from fine- to coarse-grained, and are 
typically mineralogically immature, with compositions dominated by feldspars and lithic 
fragments that have been altered into clays. Diamictites in the Bondonga beds have 
a mudstone matrix, and are clast-rich to clast-poor, consisting of sub-angular to well-
rounded pebbles and cobbles of silicified sandstone, chert, volcanic and pyroclastic 
rocks. Both matrix- and clast-supported conglomerates were observed. Clast-
supported conglomerates occur as massive outcrop exposures within the Bondonga 
beds, whereas matrix-supported conglomerates are poorly sorted and commonly 
interbedded with sandstones. Clasts range from 5 cm to 20 cm in length, and are sub-
rounded to rounded pebble and cobbles of silicified sandstone, chert, volcanic rocks 
and pyroclastic rocks within a sandy matrix (Fig. A4.5a). 
The basaltic horizon (sill; Figs. A4.2b, and A4.3) is slightly porphyritic and composed 
of sparse plagioclase phenocrysts in a highly altered groundmass dominated by fine 
plagioclase laths (Fig. A4.5b).  A ~NE-SW striking rhyolitic dyke is also exposed in 
the northern part of the Bondonga beds, cross-cutting both the Bondonga beds and 
the Texas beds (Fig. A4.2b). It consists of quartz, altered potassium feldspar and 
plagioclase phenocrysts within an aphanitic groundmass (Fig. A4.5c). The Bondonga 
beds are unconformably overlain by a ~10–30 m sedimentary succession of the 
Mosman Formation (dipping shallowly to the north), which is in turn overlain by a 20–
80 m thick ignimbrite, known as the Gibraltar Ignimbrite (see cross section, Fig. A4.2c). 
The ignimbrite consists of large quartz, plagioclase and sanidine phenocrysts within an 
aphanitic groundmass consisting of volcanic shards (Fig. A4.5d). 
a.
b.
c. c.
1cm
1cm
2cm
Figure A4.4. (a) Brachiopod mould in interbedded medium grained sandstone and matrix-supported 
conglomerate (28.859528°S, 151.478617°E). (b) Well preserved brachiopod cast preserved within 
diamictite. (c) Brachiopod fossils preserved within interbedded diamictite and graded sandstone beds. 
(d) Undefined fossil.
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300 µm
300 µm
300 µm
300 µm
500 µm
500 µm
a.
b.
c.
1 cm
600 µm
d.
600 µm
Figure A4.5. Outcrops and photomicrographs of rocks from the study area (top and bottom 
photomicrographs show cross and plain polarised light, respectively). (a) Matrix-supported conglomerate 
in the Bondonga beds (sampling site; 29.104756°S, 151.702341°E). (b) Basaltic horizon within the 
Bondonga beds. Rock is weakly porphyritic and comprises of sparse plagioclase phenocrysts in a highly 
altered groundmass dominated by fine plagioclase laths (28.860173°S, 151.479838°E). (c) Rhyolitic 
dyke intruded in the Bondonga beds (28.92688°S, 151.546263°E). (d) Porphyritic rhyolite from the 
Gibraltar Ignimbrite. Photomicrograph shows quartz and plagioclase phenocrysts within a fine-grained 
aphanitic groundmass (29.10132°S, 151.70917°E).
A4.4.2. DEFORMATION 
Exposure of the Bondonga beds is 
restricted to a narrow northwest-trending 
band, which is fault bounded against the 
Devonian-Carboniferous Texas beds and 
exposed against magmatic rocks in the 
south (Fig. A4.2b). Fault planes are poorly 
exposed, and were only observed in the 
southern section of the northern part of the 
area. Observed fault planes are steeply 
inclined to vertical with shallow pitching 
slickenlines that indicate a strike-slip 
sense of movement (Fig. A4.6). We used 
tilt angle derivation of reduced to pole grid 
data (from Geoscience Australia) to further 
constrain the geometry and kinematics of 
these faults (Fig. A4.7a). The offset and 
inferred dragging of magnetic anomalies 
in the eastern limb of the Texas Orocline 
is dominated by sinistral NW striking 
faults (Fig. A4.7b, and c). The overall 
distribution of faults is parallel to the 
structural grain of the Texas Orocline (Fig. 
A4.7a), consistently with the suggestion 
that the Bondonga beds are bounded 
by NW trending faults. Measured fault 
planes from the eastern contact between 
the Lower Permian Bondonga beds and 
Devonian-Carboniferous Texas beds are 
consistent with these orientations.
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Folds were identified in the northern part of the Bondonga beds (Figs. A4.6, and A4.8) 
but not in the southern part. Most folds are tight, steeply inclined folds, with axial trace 
and hinge orientated N-NW. One locality in the northern section of the Bondonga beds 
show evidence for type-2 fold interference patterns (Fig. A4.8a). 
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Figure A4.6. (top) Structural map of the northern 
exposure of the Bondonga beds.
Figure A4.7. (right) Magnetic (tilt angle, Geoscience 
Australia) image of the Texas Orocline with annotated 
faults and their interpreted kinematics. 10 cm
a.
b.
10 cm
a.
b.
Figure A4.8. Folds in the Bondonga beds. (a) Tight, symmetric, rounded, steeply inclined type-2 fold structure 
of an interbedded medium and fine-grained sandstone (28.858296°S, 151.475764°E). (b) Steeply inclined 
southwest trending folds of interbedded medium and fine-grained sandstone (28.94087°S, 151.53367°E).
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A4.5. PROVENANCE AND DEPOSITIONAL 
AGE OF BONDONGA, SILVER SPUR, 
PIKEDALE AND TERRICA BEDS 
A4.5.1. SAMPLE PREPARATION
In order to constrain the time of deposition and 
provenance of the Permian successions in the 
Texas Orocline, U-Pb geochronological investigation 
of detrital and primary zircons was conducted on 
7 sedimentary samples and one igneous sample 
(Bondonga, Silver Spur, Pikedale and Terrica 
beds and the Gibraltar Ignimbrite, respectively; for 
sampling sites see Fig. A4.2a). Sample preparation 
was conducted at The University of Queensland. 
Samples were washed of external dust and soil, 
and crushed into gravel size particles using the 
Sturevant Jaw Crusher, and again to fine grained 
particles using the Fritiscu (Dulverisehe 13) Disk 
Mill. Different mineral separation processes were 
utilised for samples that are aimed to constrain 
depositional ages and for samples used for 
provenance investigations, maximising the accuracy 
and reliability of the results (Table A4.1). All samples 
were initially crushed once and sieved through a 
600 µm mesh with only the finer fraction (<600 µm) 
used in the separation process described below. 
For the samples used for provenance investigation, 
a second separation stage was conducted, which 
included repeated crushing of both the coarse and 
fine fractions until the entire sample was sieved 
through 420 µm mesh (leaving no coarser fraction). 
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Table A4.1. Sample information and youngest ages.
Footnote: The different mineral separation processes are 
described in the Method section. Number of grains used to 
calculate youngest populations are next to age in brackets (n). 
Youngest concordant ages that were excluded from calculation 
of youngest populations are 261.7±17.1 Ma (SB_14_01, age did 
not reoccurred) and 312±12 Ma (GB_14_01, inherited xenocryst).
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The <420 µm samples were then taken through the entire separation process again to 
ensure that all (large and small) zircon crystals were separated, so full representation 
of all zircon populations was achieved. The igneous sample was crushed and sieved 
through a 420 µm mesh. The crushed samples were washed to remove fine-grained 
(dust sized) particles. The washed samples were placed in an oven set to 80ºC and 
allowed to dry for 4–5 days. A hand magnet and a Frantz Magnetic Barrier Separator 
were used for removal of magnetic particles. The non-magnetic component was placed 
into a separating funnel with Methyl Iodide (MEI) heavy liquids to sink the heavy mineral 
fraction. All zircon crystals were handpicked from the heavy fractions, yielding 130–200 
zircons from each sample. The separated zircons were mounted onto double sided 
tape and non-reactive epoxy. The hardened mounts were later polished to expose 
sections of the zircon crystals.
A4.5.1. ANALYTICAL METHODS
The polished zircons were imaged using a Zeiss AxioImager M2M microscope under 
both transmitted and reflected light to aid in target identification and tracking during 
analysis. Isotope data were obtained using an Agilent 8800 Laser Ablation Inductively 
Coupled Plasma Mass Spectrometer (LA-ICP-MS) at The Queensland University 
of Technology. Data acquisition of 17 isotopes involved 25 seconds of background 
measurement followed by 30 seconds of sample ablation in a He/Ar (+N) atmosphere 
using a beam diameter of 30 µm. A firing rate of 6 Hz and sample fluence of about 
0.6 mJ/cm2 was also used at the sample site from an ESI New Wave Excimer Laser 
system with Trueline cell. A total dwell time for the 17 isotopes was 0.4 seconds, so 
that an ablation produced about 70 individual analyses. The 206Pb, 207Pb, 208Pb, 238U, 
and 232Th masses necessary for dating were counted for half the analytical time (0.04 
seconds per mass). Their ratios were calibrated against Temora-2 (416.78 ± 0.33 Ma; 
Black et al., 2004) and the Plešovice zircon as a check standard (337.13 ± 0.37 Ma; 
Sláma et al., 2008). Beyond Pb, U and Th concentrations, elemental concentrations 
were determined from the following isotopes: 31P, 49Ti, 89Y, 91Zr, 139La, 140Ce, 141Pr, 146Nd 
or 147Sm, 153Eu, 163Dy, 175Lu, and 178Hf. The NIST SRM 610 glass standard was used to 
calculate trace element concentration using Si as an internal standard and assuming a 
stoichiometric concentration of 32.8% Si in zircon. 
Data were processed using Iolite software (Paton et al., 2011), and error correlation 
was done according to Ludwig (2003). Intervals were automatically selected and then 
visually edited to exclude, where possible, obvious inclusions based on P, Ti and La 
concentration patterns. For grains younger than 900 Ma, concordance is taken to be 
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age agreement within propagated 2 standard error uncertainty (Paton et al., 2011) for 
206Pb/238U and 207Pb/235U ages. For grains older than 900 Ma, 207Pb/206Pb are reported 
for the concordant grains. The percent common Pb and common Pb corrected ages 
were calculated following the method described in Bryan et al. (2004). This method 
of correction assumes that 206Pb/238U, 207Pb/235U, 208Pb/232Th and 207Pb/206Pb should all 
yield similar ages. 
The “selected” age for an analysis was decided as follows: for grains less than 900 
Ma, if both the corrected and uncorrected 206Pb/238U ages were deemed concordant, 
the one closest to concordia was selected, excluding grains with more than 2% of 
all 206Pb calculated as common. This arbitrary cut-off criterion resulted in the biggest 
age difference between corrected and uncorrected ages being 8 Ma, with most ages 
differing by ~2 Ma. For grains older than 900 Ma, common Pb corrected ages were not 
considered, because grains of this age tend to be discordant as a result of Pb loss. Data 
were disregarded for plotting if they had extraordinary trace element concentrations 
indicating the likely presence of inclusions: P>1000ppm, Ti>90ppm, or La>10 ppm.
Isoplot 3.7 toolkit (Ludwig, 2003) was used to calculate youngest zircon populations 
(weighted average ages) and display of relative probability plots. Samples were 
analysed in different sessions and therefore, propagated uncertainties were used 
(Paton et al., 2011). The extra uncertainty, beyond the homogeneity of the analysis 
itself is roughly 80% larger, reflecting uncertainty in the primary standard. A bin size 
of 25 Ma was used for cumulative plots to ensure no over-smoothing effects were 
introduced to the dataset (Vermeesch, 2004).
The data were collected in 7 sessions on 5 days over 7 months with a total of about 
120 analyses  of each of the 3 standard materials (i.e., Plešovice, Temora-2 and NIST 
610 glass). Plešovice average 206Pb/238U ages ranged from 330.9 ± 3.3 to 346.7 ± 2.7 
Ma. However, late sessions on 2 days gave subpopulations younger than the accepted 
TIMS age: 321.7 ± 4.4 and 324.2 ± 4.5 and were therefore excluded.
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A4.6. GEOCHRONOLOGICAL RESULTS
A total of 666 new U-Pb concordant ages were obtained from 1003 analyses of detrital 
zircons in clastic sedimentary rocks from the Bondonga beds, Silver Spur, Terrica 
beds, and Pikedale beds, and 10 concordant ages (of 50 analyses) from the Gibraltar 
Ignimbrite. Results are presented in Table A4.1, Figures A4.9-A4.13 and in Digital 
Appendix 7.
A4.6.1. ZIRCON AGES FROM THE SEDIMENTARY ROCKS
Detrital zircon spectra from the Bondonga, Silver Spur and Pikedale beds show limited 
variability (with the exception of sample BB_14_15; Table A4.1, and Fig. A4.10a, and 
b), which suggests that they represent a common provenance. Age distribution of 
detrital zircons from all sedimentary samples (with the exception of BB_14_15) shows 
that the largest components are consistently Carboniferous, ranging between 94–74% 
of concordant ages (Figs. 10c, and d). The second largest component (1.7–11.9%), 
consistent across all sedimentary samples, is within the Permian and also represents 
the youngest populations (with the exception of BB_14_15; Fig. A4.11). Sample 
BB_14_15 showed a significantly larger proportion of younger detrital zircon ages 
when compared to the other sedimentary samples (Figs. A4.9, and A4.10a-d). In this 
sample, 45.8% of detrital zircon ages are Permian and only 43.4% are Carboniferous 
(Fig. A4.11). 
A4.6.2. AGE OF THE GIBRALTAR IGNIMBRITE
Fifty grains from sample GB_14_01 were ablated and few were concordant. Except for 
one 312 ± 12 Ma concordant grain, the majority yielded Permo-Triassic ages, but most 
are significantly discordant and are interpreted to contain a significant common Pb 
component. Four grains were concordant, and five more grains became concordant 
if common Pb was corrected. These 9 grains together gave a weighted mean age of 
251.6 ± 3.2 Ma (Fig. A4.12) with an MSWD of 0.92. Relaxing the common Pb exclusion 
criteria (2%) allows a few more grains to be considered but the age is unchanged.
The accompanying 16 Plešovice analyses for sample GB_14_01 all had calculated 
common Pb<0.15%, except for one grain (0.5%). Their weighted mean average age 
was 332.7 ± 3.0 (95% confidence) with MSWD of 0.93. This is a 206Pb/238U age that, 
with uncertainty, is slightly younger than its reported TIMS age (337.13 ± 0.37 Ma, 
Sláma et al., 2008).
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Figure A4.9. Probability density 
plots of detrital zircon ages from the 
Lower Permian successions in the 
Texas Orocline.
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Figure A4.10. Cumulative proportions (a, and b) 
and probability density plots (c, and d) of detrital 
zircon ages from the Lower Permian successions 
in the Texas Orocline. Sections b and d are shown 
only for ages that are younger then 500 Ma. For 
individual samples see Figure A4.9. 
A4.6.3. MAXIMUM AGE OF THE 
SEDIMENTARY SUCCESSIONS 
The youngest zircon grains in a 
sedimentary rock provide a maximum 
constraint on the age of deposition. In 
order to obtain reliable and geologically 
meaningful age constraints for these 
sedimentary successions, a mean 
weighted average age was calculated for 
each sample using the youngest two or 
more overlapping concordant ages (within 
2σ error; Fig. A4.12).
The age of the youngest population 
of detrital zircons for all sedimentary 
samples ranges between ~302 Ma and 
~280 Ma. The calculated age of the 
youngest populations of the three samples 
from the Bondonga beds (Table A4.1) are 
302.4 ± 5.1 Ma, 295 ± 18 Ma and 280.7 
± 3.0 Ma (Figs. A4.12a-c, and A4.13). 
The calculated youngest population 
ages from the Terrica beds samples are 
297.8 ± 4.3 Ma and 283.1 ± 5.2 Ma (Figs. 
A4.12d, and e, A4.13, and Table A4.1). 
For the samples from the Silver Spur and 
Pikedale beds (Table A4.1 and Fig. A4.2a), 
the calculated youngest population ages 
are 289.7 ± 9.9 Ma and 281.7 ± 9.9 Ma, 
respectively (Figs. A4.12f, and g, A4.13, 
and Table A4.1). One younger concordant 
age from sample SB_14_01 (Silver Spur 
beds) was excluded from the regional 
tectonic interpretation due to a lack of 
reoccurrence (Table A4.1).
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Figure A4.11. Counts and proportions of detrital zircons ages from the Lower Permian successions in 
the Texas Orocline (this study) and from the Nambucca Block (Shaanan et al., 2015).
A4.7. DISCUSSION
A4.7.1. ORIGIN AND DEFORMATION OF THE BONDONGA BEDS
The dominant lithologies identified in the Bondonga Beds suggest that deposition 
occurred in shallow marine, glaciomarine, and possibly terrestrial depositional 
environments. Poor sorting and low physical and chemical maturity of clasts imply 
that detritus derived from a nearby source. This is also supported by the characteristic 
euhedral to subhedral morphology of the detrital zircons in the sedimentary samples.
Field observations and aeromagnetic data suggest that the Bondonga beds are fault 
bounded against the Devonian-Carboniferous Texas beds by a series of NW striking 
faults on the eastern limb of the Texas Orocline (Figs. A4.2b, A4.6, and A4.7). The 
dominant kinematics along these faults is sinistral strike-slip, as indicated by the 
presence of sub-horizontal slickenlines (Fig. A4.6) and the sinistral separation of 
magnetic features that is recognised in aeromagnetic images (Fig. A4.7). The timing of 
sinistral strike-slip faulting, however, is relatively poorly constrained. Displaced markers 
include the Greymare Granite (~280 Ma; Donchak et al., 2007). Fault activity, therefore, 
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Figure A4.12. Calculated youngest mean age populations of detrital zircons for the sedimentary samples 
(a-g) and the sample from the Gibraltar Ignimbrite (h). 
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may have occurred during the 265–230 Ma Hunter-Bowen Orogeny (Holcombe et 
al., 1997; Shaanan et al., in press), or during subsequent episodes of deformation 
that affected eastern Australia during the Mesozoic and Cenozoic (Babaahmadi and 
Rosenbaum, 2014a, 2014b; Babaahmadi et al., 2015). The earlier history of these 
faults, and their relationships to the development of the Early Permian basin, remains 
an open question. Based on direct dating of fault gouge, Rosenbaum et al. (2015) 
have recently argued that orocline-parallel faulting (along the eastern limb of the Coffs 
Harbour Orocline) occurred in the Early Permian (~288–285 Ma). The major faults that 
bound the Bondonga beds are oriented parallel to the eastern limb of the Texas Orocline 
(i.e., western limb of the Coffs Harbour Orocline), and it is theoretically possible that 
both sets of (conjugate?) faults were active simultaneously during the Early Permian. 
If so, faulting may have also played a role in shaping the architecture of the Early 
Permian sedimentary basin.
Observed folds in the Bondonga beds (Fig. A4.8) appear to represent at least two 
generations of macroscopic folds, which likely explain the changes in bedding 
orientations and the local overturing (e.g., in the area of the type locality). Unfortunately, 
the macroscopic folded structure remains poorly constrained due to scarcity of minor 
folds, the absence of axial plane cleavage, and the effect of fold superposition (e.g., 
Fig. A4.8a). Based on the angular unconformity between the Bondonga beds and the 
Mosman Formation (Fig. A4.2c), we conclude that the timing of folding must have 
occurred during the Permian, most likely in response to Hunter-Bowen deformation. 
A4.7.2. TIMING OF DEPOSITION
The new U-Pb ages of detrital zircons from the Bondonga, Silver Spur and Pikedale 
beds show striking similarities when plotted on a cumulative proportion curve (with the 
exception of BB_14_15; Fig. A4.10a, and b). Furthermore, probability density curves 
of detrital zircon ages of all sedimentary rock samples in the Texas area (with the 
exception of sample BB_14_15) show similar population trends (Fig. A4.10d) and 
youngest maximal depositional ages range consistently between ~302 Ma and ~280 
Ma (Figs. A4.12, and A4.13). The trend of cumulative proportions for the provenance 
samples (BB_14_08, SB_14_01 and PK_14_04; Fig. A4.10a, and b), and probability 
curves of all samples combined (excluding sample BB_14_15; Fig. A4.10c, and d), 
in conjunction with similarities in youngest maximal constraints on depositional ages 
(Figs. A4.12, A4.13, and Table A4.1), suggest that the Lower Permian sedimentary 
successions in the vicinity of the Texas Orocline shared a similar provenance and are 
possibly remnants of a single large basin.
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Sample BB_14_15 yielded a maximum depositional age of 280.4 ± 5.1 Ma (Figs. A4.12, 
and A4.13), which is significantly younger (15 My) than the maximum depositional age 
constraint from the other samples in the Bondonga beds (Fig. A4.13). This discrepancy 
suggests that sedimentation of the Bondonga beds continued, at least locally, until ~280 
Ma. The minimum age of sedimentation is constrained by 251.6 ± 3.2 Ma emplacement 
of the overlying Gibraltar Ignimbrite.
Our results are consistent with previous constraints on the timing of deposition of 
the Lower Permian successions in the Texas Orocline, which were based on the 
identification of Cisuralian fossils (Olgers et al., 1974) and a U-Pb SHRIMP zircon age 
of 293.7 ± 3.4 Ma from a volcanic layer in the Alum Rock beds.
A4.7.3. REGIONAL CORRELATIONS AND TECTONIC IMPLICATIONS
The best-constrained age from the Lower Permian successions in the Texas Orocline 
is from the Alum Rock beds (Olgers et al., 1974; Roberts et al., 1996), which include 
lower Asselian macroinvertebrate fossils in the lower part, mid-Sakmarian invertebrates 
in the top part of the succession, and a 293.7 ± 3.4 Ma pyroclastic rock in the upper 
part of the succession (Roberts et al., 1996). This succession is closely comparable 
to other glaciogenic successions of Asselian age in the Galilee Basin (Fig. A4.1a; 
Boonderoo Beds; Jones, 2003; Jones and Fielding, 2004), northern New England 
Orogen (Youlambie Conglomerate of the Yarrol Block; Jones, 2003; Jones and Fielding, 
2004), Hastings Block (Fig. A4.1b; Youdale B Formation; Fielding et al., 2008), Werrie 
Block (Fig. A4.1b; Woodton Formation; Roberts et al., 2006), and Cranky Corner Block 
(Fig. A4.1b; Beckers Formation; Facer and Foster, 2003). These glaciogenic strata are 
all assigned to the lowermost Permian P1 glaciation of Fielding et al. (2008). Younger 
glaciogenic strata of P2 (Fielding et al., 2008) are likely preserved in other Permian 
outliers but are not exposed in the Alum Rock area. The successions in the Bondonga, 
Terrica and Silver Spur beds all contain Permian fossils, while the Pikedale beds are 
assigned a tentative Permian age on the basis of lithological similarity with the other 
nearby outliers (Donchak et al., 2007). The new data reported herein from the Bondonga 
beds and the other Lower Permian successions of the Texas Orocline are entirely 
consistent with this broader dataset, both in terms of the depositional environment and 
the geological age range. 
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Figure A4.13. Time space diagram showing age constraints for the Lower Permian successions in 
the Texas area and the Nambucca Block. Dots mark age constraints for sedimentary successions and 
pegs mark igneous ages. Dashed lines highlight the inferred spatial and temporal distribution of Lower 
Permian successions in the southern New England Orogen.
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The preservation of Lower Permian successions in a series of apparently separate, 
fault bounded basins from north Queensland to southern New South Wales has been 
interpreted to record a phase of widespread, albeit limited, crustal extension that initiated 
the Sydney-Gunnedah-Bowen Basin System (Scheibner, 1973; Ziolkowski and Taylor, 
1985; Fielding et al., 1990, 1997; Holcombe et al., 1997; Korsch et al., 2009). The 
stratigraphies of the Lower Permian infrabasins vary significantly from one to another, 
but all share in common abrupt lateral changes in stratigraphic thickness and facies, 
an abundance of coarse clastic lithologies (conglomerates, diamictites), and presence 
of interbedded magmatic rocks of bimodal composition (typically basaltic lavas and 
shallow intrusions, with dacitic to rhyolitic lavas and pyroclastic rocks; Fielding et al., 
1997). The fills of nearly all these extensional basins are Asselian to Sakmarian in 
age, and are overlain by more laterally extensive and uniformly distributed deposits of 
Artinskian and younger ages. The stratigraphic records of the Bondonga, Silver Spur, 
Pikedale, Terrica and Alum Rock beds are consistent with those of Lower Permian rift 
basins elsewhere in the region. Furthermore, the correlation and similar provenances, 
as well as maximal depositional age constraints of Lower Permian successions in the 
Texas Orocline, show that the influx of detritus into Lower Permian successions was 
predominantly sourced proximally from within the southern New England Orogen. This 
suggests that they were affected by the same tectonic mechanisms and that they may 
have been physically connected during the Early Permian. 
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Detrital zircon data from the Nambucca Block, which is the largest exposed Lower 
Permian succession in the southern New England Orogen, show similar youngest age 
populations (Fig. A4.13; 299 ± 1.4 Ma, 297 ± 6 Ma, 293 ± 7 Ma and 285 ± 2.3 Ma; 
Adams et al., 2013; Shaanan et al., 2015). However, a comparison of detrital zircons 
ages show similar Paleozoic zircon population peaks that have different proportions 
(Fig. A4.11). The presence of immature sedimentary, plutonic and volcanic clasts 
identified in the Nambucca Block (Shaanan et al., 2014) show strong similarities with 
the immature detrital lithologies observed in Lower Permian successions in the Texas 
Orocline. The similarities in provenance and deposition age suggest that the basinal 
successions in the Texas Orocline and the Nambucca Block may be correlative, but 
this remains to be established.
Whether the Lower Permian successions of the southern New England Orogen are 
correlative or not is yet unclear, but the formation of Lower Permian sedimentary basins 
throughout the orogen was likely associated with widespread extension. Shaanan et al. 
(2015) have suggested that during the Early Permian, the New England Orogen was 
positioned at a backarc extensional environment, with the arc being positioned farther 
east. Backarc extension is indicated by the (local) occurrence of high temperature 
metamorphism (Craven et al., 2012), crustal melting (Jeon et al., 2012; Phillips et al., 
2011), and exhumation of metamorphic core complexes (Little et al., 1993; Holcombe 
and Little, 1994). Furthermore, U-Pb detrital zircon age spectra from the Nambucca 
Block consist of a large Proterozoic fraction (Fig. A4.10), which was likely transported 
to the backarc region from cratonic Gondwana (Shaanan et al., 2015). The Lower 
Permian successions in the Texas Orocline were likely associated with this backarc 
extensional system. 
The spatial distribution of the Lower Permian successions in the Texas area shows that 
these basins are exposed approximately parallel to the structural grain of the Texas 
Orocline (Fig. A4.1f). The Ashford Basin is exposed parallel to the western limb of the 
orocline (Fig. A4.1f), the Silver Spur beds are situated approximately in the hinge of 
the orocline, and the Bondonga, Pikedale, Terrica and Alum Rock beds are exposed 
parallel to the eastern limb of the orocline (Fig. A4.1f). These basins now mimic the 
oroclinal structure and support the interpretation that the orocline formed during or 
after basin formation (Fig. A4.1f). 
In many modern examples, such as in the Mediterranean, the process of oroclinal 
bending is intimately linked to backarc extension (Rosenbaum, 2014). This process is 
ultimately controlled by trench retreat, which leads to a progressive curvature of the 
plate boundary accompanied by backarc extension. The Lower Permian successions in 
the Texas Orocline were deposited during the formation of the New England Oroclines, 
thus supporting the suggestion that trench retreat and backarc extension have played 
a major role during oroclinal bending (e.g., Rosenbaum et al., 2012; Shaanan et al., in press).
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A4.8. CONCLUSIONS
New U-Pb zircon ages for Lower Permian successions in the Texas Orocline, in 
conjunction with new structural data from the Bondonga beds, provide insights into 
the Early Permian depositional environment and tectonic history of the southern 
New England Orogen. U-Pb geochronology provides maximum depositional age 
constraints that range between ~302 Ma and ~280 Ma. Field observations and U-Pb 
geochronological data suggest that the successions in the vicinity of the Texas Orocline 
are correlative, and are possibly remnants of a single larger basin. Furthermore, the 
Lower Permian successions in the Texas Orocline have equivalent depositional age 
constraints to the Early Permian Nambucca Block, which has recently been interpreted 
as a backarc extensional basin (Shaanan et al., 2015). Basin development and 
sedimentation occurred during or after the formation of the New England oroclines 
(~300–260 Ma), thus indicating that trench retreat and backarc extension have likely 
played a role in the formation of these basins during oroclinal bending.
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